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PREFACE 


The  1976  USAF-ASEE  Sumner  Faculty  Research  Program  consisted  of 
thirty- three  members  of  engineering  and  science  faculties  from  twenty- 
nine  colleges  and  universities  throughout  the  nation,  engaged  In 
scientific  research  of  mutual  Interest  and  benefit  to  the  Associate 
(and  his  university)  and  the  USAF.  These  professors  were  assigned  to 
various  USAF  research  laboratories  at  Eglln  AFB,  Fla. , Tyndall  AFB, 

Fla.,  Arnold  AF  Station,  TN.,  Grlfflss  AFB,  NY.,  Hanscom  Field,  MS., 
Brooks  AFB,  TX.,  Klrtland  AFB,  NM.,  Seller  AF  Academy,  CO.,  and  Williams 
AFB,  AZ.,  for  a ten  week  period  of  concentrated  research  In  their  se- 
lected field  In  collaboration  with  an  assigned  USAF  colleague. 

The  basic  program  objectives  were: 

(1)  To  provide  scientific  and  technological  benefits  to  the  USAF 
while  enhancing  the  research  Interests  and  capabilities  of 
engineering  educators. 

(2)  To  stimulate  continuing  relations  among  parlclpatlng  faculty 
members  and  their  professional  peers  at  the  AFSC  laboratories. 

(3)  To  from  the  basis  for  continuing  research  of  Interest  to  the 
Air  Force  at  the  participant's  Institution. 

(4)  To  sponsor  research  In  areas  of  mutual  Interest  to  the  USAF, 
the  faculty  member,  and  his  Institution. 

The  program  was  conducted  under  contract  with  the  Air  Force  by 
the  School  of  Engineering,  Auburn  University  with  assistance  from  the 
School  of  Engineering,  Ohio  State  University,  The  American  Society  for 
Engineering  Education  is  co-sponsor  of  the  program. 

This  document  Is  a compilation  of  each  associate's  report  assembled 
by  J.  Fred  O'Brien,  Jr.,  Project  Director,  who  has  exercised  certain 
administrative  prerogatives  to  produce  this  report. 
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A NEAR  FIELD  MODEL  FOR  DISSOLVED  OXYGEN 
AND  OTHER  WATER  QUALITY  PARAMETERS 

by 

Barry  A.  Benedict 


ABSTRACT 

The  standard  approach  to  many  water  quality  problems,  e.g., 
dissolved  oxygen  (DO)  and  BOD,  is  to  utilize  a one -dimensional 
analysis.  In  some  streams,  the  discharge  may  not  become  one- 
dimensional for  a substantial  distance.  In  addition,  a variety 
of  outfall  strategies  may  exist  for  a given  waste  loading. 

To  assess  the  impact  of  different  discharge  schemes  and  to  eval- 
uate the  adequacy  of  the  one-dimensional  (1-D)  analysis  a near- 
field model  has  been  developed.  The  model  treats  the  discharge 
as  a surface  jet  issuing  from  one  bank  at  an  arbitrary  angle  to 
the  ambient  current.  The  model  is  an  integral  type,  using 
assumed  similar  lateral  profiles  of  velocity  and  the  water  quality 
parameters.  The  model  is  two-dimensional  and  currently  includes 
only  BOD  and  DO  as  water  quality  parameters,  although  others 
can  easily  be  added.  A system  of  seven  simultaneous  differential 
equations  is  solved  by  a Runge-Kutta  technique  on  the  computer 
to  yield  values  of  7 unknowns  defining  jet  width,  velocity, 
trajectory,  and  BOD  and  DO  levels  along  the  jet  axis. 

Initial  computer  runs  reveal  some  trends,  but  more  work  is 
necessary  to  define  functional  relationships.  For  example, 
higher  degrees  of  early  jet  mixing  tend  to  decrease  the  critical 
deficit.  Any  such  discharge  has  regions  with  deficits  greater 
than  the  critical  1-D' deficit.  The  receiving  water  volume 
affected  by  these  greater  deficits  may  be  significant  in  some 
instances . 

The  model  provides  a useful  tool  for  assessing  the  impact 
of  different  outfall  designs,  but  further  work  is  needed  to 
overcome  current  shortcomings,  such  as  failure  to  account  for 
stream  bank  interference.  Extensive  numerical  experimentation 
and  verification  with  existing  data  is  necessary  to  provide 
full  results. 
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INTRODUCTION 


Discharges  of  material  with  some  oxygen  demand  in  the  form 
of  BOD  (biochemical  oxygen  demand)  may  be  damaging  to  the  oxygen 
resources  of  the  receiving  water  body,  whether  it  is  a lake, 
river,  or  estuary.  In  addition  to  oxygen  and  BOD,  other  sub- 
stances, both  conservative  and  non-conservative,  may  be  contained 
within  the  discharge.  The  ability  to  project  the  behavior  of 
these  substances  and  their  distribution  in  the  receiving  water 
body  is  an  essential  step  in  assessing  the  environmental  impact 
of  a discharge.  Analyses  of  this  kind  have  been  performed 
for  years,  spurred  by  the  pioneering  work  of  Streeter  and 
Phelps  (1).  These  studies  usually  assume  a one-dimensional  (1-D) 
condition  and,  therefore,  only  changes  in  the  longitudinal 
direction  are  studied.  This  assumes  that  all  properties  of 
interest  are  fully  mixed  both  laterally  and  vertically  at  any 
river  cross-section.  This  assumes  further  that  the  BOD  or  any 
other  property  associated  with  the  discharge  from  an  outfall 
is  completely  mixed  across  the  river  instantaneously  at  the  point 
of  discharge. 


j 
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The  one -dimensional  assumption  is  most  nearly  correct  when 
the  discharge  takes  place  from  a submerged  diffuser  extending 
across  the  full  river  width.  However,  many  discharges  do  not 
meet  this  criterion  and  may  require  some  substantial  distance 
to  mix  laterally  across  the  river.  The  question  then  arises 
as  to  whether  or  not  this  condition  may  in  some  cases  invalidate 
the  results  of  the  standard  1-D  approach  to  analysis.  The  work 
described  herein  addresses  this  question,  with  these  ultimate 
goals : 

1.  Development  of  a model  enabling  projection  of  water 
quality  conditions  in  the  near  field. 

2.  Identification  of  circumstances,  if  any,  where  the 
1-D  approximation  is  inadequate. 

3.  Identification  of  the  sensitivity  of  the  physical 
system  to  the  manner  in  which  the  material  is  discharged  to  the 
stream. 


A11  of  these  investigations  will  be  made  for  the  case  of 
a surface  discharge  from  one  bank  of  a stream,  with  initial 
emphasis  on  dissolved  oxygen  - BOD  interactions.  The  model 
itself  is  described  in  the  section  of  Model  Development. 
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THE  ONE -DIMENSIONAL  APPROACH 


Oxygen  Sag  Equations 

Much  has  been  written  on  modeling  the  dissolved  oxygen  (DO)  • 
BOD  relationship,  and  only  a few  points  pertinent  to  the  current 
work  will  be  presented  here.  Numerous  references  (for  example, 

1,  2 and  3)  present  further  detail. 

Both  substances  are  assumed  subject  to  first  order  reactions 
of  the  type  outlined  in  Equations  1 and  2. 


# = -«L 

K.L  ~KZ  P 


in  which  L=BOD  in  mg/1 

DsDO  deficit  in  mg/1 
«CS-C 

C=actual  DO  concentration 

Cs=saturation  DO  concentration  of  the  water  at  the  same 
temperature  and  pressure 
K^=deoxygenation  coefficient,  units  time 
K2=*reaeration  coefficient,  units  time 
t “time 

These  equations  quite  obviously  do  not  include  all  the 
sources  and  sinks  of  BOD  and  DO.  Sedimentation,  benthal  demand, 
photosynthesis,  dispersion,  and  two-stage  BOD  decay  are  among 
the  factors  which  may  be  important  in  a given  case.  For  the 
current  study,  initially  only  the  Ki  and  K2  terms  will  be  in- 
cluded, but  it  will  be  seen  that  addition  of  the  other  terras 
to  the  model  will  present  no  problem. 

Solution  of  these  equations  for  the  one-dimensional,  steady- 
state,  continuous  discharge  of  a BOD  load  yields  the  following 
equations  for  BOD  and  DO  (2,3,4). 

L-La  exp(~K,x/u)  (sj 

D = [eyp(~  p>  etp^' ^ (4> 

*<•£ <* 

4, 


JL 


1-5 


r 


] 

in  which  L^=total  BOD  load  (weight  or  mass  per  unit  time)  divided 
by  river  discharge  - can  also  include  any  existing 
BOD  received  from  upstream. 

X»longitudinel  distance,  measured  from  outfall 

U=average  river  velocity 

DA*deficit  at  X=0 

Xc=location  of  critical  deficit 

Dc=value  of  critical  DO  deficit 

1 

These  equations  are  the  standard  ones  used  where  the  other 
sources  and  sinks  mentioned,  as  well  as  dispersion  and  unsteadi- 
ness, are  considered  unimportant.  Comparisons  which  will  be 
made  will  refer  to  1-D  values  calculated  by  use  of  these  equations. 


Transverse  Mixing 


t 


. 


A number  of  studies  have  addressed  the  question  of  the 
distance  required  for  a discharge  to  become  one-dimensional  in 
character.  Holley,  et  al  (5) , use  the  solution  to  the  diffusion 
equation  for  a discharge  from  one  bank  to  estimate  distances 
to  (1)  the  point  where  the  discharge  reaches  the  far  bank  and 
(2)  the  point  where  the  material  has  become  well  mixed  across 
the  stream.  Ward  (6)  made  similar  analyses  for  discharges  into 
the  river  from  various  points  in  the  cross-section,  e.g.,  at 
the  midpoint,  at  the  quarter  point,  or  at  the  bank.  It  is 
required  that  some  percentage  of  variation  across  the  river 
section  be  specified  as  a criterion  for  establishing  "completely 
mixed"  conditions. 

Rood  and  Holley  (7)  have  drawn  on  diffusion  equation  solu- 
tions to  investigate  the  effect  of  transverse  mixing  on  the 
DO-BOD  problem.  Here  it  should  be  noted  that  the  diffusion 
equation  is  really  a mass  balance  equation  for  the  substance 
of  interest.  It  is  assumed  that  the  discharge  has  no  impact  on 
the  receiving  water  velocity  field  and  that  all  mixing  is  due 
to  turbulence  existing  in  the  ambient  flow  field.  Therefore, 
any  jet  action  or  initial  mixing,  and  its  subsequent  effect 
on  the  oxygen  problem,  is  neglected  by  these  diffusion  solutions. 
See  References  8 and  9 for  further  discussion  of  diffusion 
versus  jet  mixing. 

Rood  and  Holley  (7)  deal  with  case  of  a two-dimensional 
discharge  problem,  with  the  discharge  being  a vertical  line 
source  located  on  the  bank  (y=o) . The  term  two-dimensional 
means  that  longitudinal  advection  and  lateral  mixing  are  going 
on,  but  no  vertical  mixing  is  occuring.  For  this  situation, 
an  exact  solution  to  the  diffusion  equation  for  BOD  is  avail- 
able, including  the  bank  influence  through  the  method  of  images. 
BOD  values  calculated  from  this  solution  must  then  be  fed  into 
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a finite  - difference  model  to  obtain  the  DO  deficit  solution. 
Road  and  Holley  concerned  themselves  only  with  results  along 
the  bank  (y»o) , which  corresponds  to  the  location  of  the  maxi- 
mum BOD  value  and  hence  the  greatest  DO  deficit  at  each  stream 
cross  section.  They  present  results  from  a variety  of  computer 
runs,  categorizing  their  results  by  use  of  a set  of  dimensionless 
parameters  obtained  from  a dimensional  analysis.  Certain  cases 
gave  values  for  the  critical  deficit  essentially  the  same  as 
those  obtained  from  Equation  6,  while  other  cases  yielded  values 
for  the  critical  deficit  as  much  as  four  or  more  times  that 
given  by  Equation  6.  The  reader  is  referred  to  their  paper 
for  details.  It  is  important  to  realize  that  the  increased 
deficit  they  predict  represents  a value  at  a point,  and  no 
attempt  is  made  to  define  areas  of  the  water  body  affected  by 
a given  deficit. 


Summary  of  Earlier  Work 


Briefly,  most  water  quality  analyses  in  rivers  and  estuaries 
have  been  one-dimensional,  although  some  work  now  exists  to 
suggest  that  the  neglect  of  near-field  jet  mixing  conditions 
may  be  important  under  some. circumstances . This  fact  led  to 
the  development  of  the  model  described  in  the  next  section. 

The  goal  is  first  to  assess  the  need  for  models  other  than  1-D, 
and  second  to  provide  an  adequate  model  if  one  is  needed.  It 
is  realized  that  this  assessment  process  will  require  consider- 
ation of  water  areas  and  volumes  exposed  to  certain  DO  deficits, 
as  well  as  an  evaluation  of  sensitivity  to  changes  in  the  per- 
tinent parameters. 


NEAR-FIELD  MODEL  DEVELOPMENT 
Introduction  and  Limitations 


The  model  to  be  developed  will  attempt  to  accurately  describe 
the  hydraulic  interactions  which  occur  when  material  is  discharged 
into  a moving  receiving  body.  Much  work  has  been  done  in  recent 
years  to  develop  an  understanding  of  the  behavior  of  heated 
water  discharges.  This  work  is  summarized  in  such  works  as 
Benedict,  et  al  (8)  and  Jirka,  et  al  (10).  This  work  forms  a 
good  foundation  for  the  current  work. 

To  begin  with,  a non-buoyant  discharge  will  be  treated  to 
simplify  the  study.  In  addition,  BOD  and  DO  will  be  the  only 
quality  parameters  included,  although  temperature,  other  non- 
conservative substances,  and  conservative  substances  can  easily 
be  added  to  the  model.  The  model  will  be  for  a surface  discharge 
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at  one  bank  of  the  stream  and  will  be  two-dimensional.  This 
assumes  that  the  discharge  pipe  or  canal  discharges  over 
essentially  the  entire  depth  of  the  stream  or  that  some  den- 
sity stratification  exists  which  prevents  vertical  mixing  from 
taking  place.  It  is  believed  that  the  review  of  the  effect 
of  near-field  mixing  and  dilution  can  most  easily  be  studied 
without  the  added  complication  of  vertical  mixing.  If  the  study 
reveals  a need  for  such  an  addition,  some  current  three-dimen- 
sional models  for  heated  discharges  could  be  utilized  or  modi- 
fied to  study  other  water  quality  problems. 

In  short,  the  model  initially  will  be  a simpler  model 
looking  at  a limited  number  of  parameters  to  assess  the  need 
for  future  work  in  the  area. 


Basic  Formulation  and  Assumptions 

The  technique  of  model  development  used  here  is  called  inte- 
gral analysis.  Essentially,  in  this  method,  mathematical  forms 
are  selected  for  the  lateral  variation  of  important  properties 
within  the  jet,  or  discharge  plume;  these  profile  forms  are  then 
integrated  within  the  basic  conservation  equations  to  reduce 
the  problem  to  a one-dimensional  problem  along  the  plume  axis. 

The  mathematical  form  of  the  lateral  profiles  remains  the 
same  along  the  jet  axis,  and  these  profiles  are  therefore 
called  similar  profiles.  Many  investigators  have  chosen  a 
Gaussian  form  (bell-shaped  curve)  for  all  profiles  due  to  the 
good  fit  of  this  profile  to  data  taken  on  discharges  into 
stagment  receiving  bodies.  Morton  (12)  points  out  that  the 
effect  of  assuming  similar  profiles  and  the  form  of  the  inflow 
velocity  is  to  suppress  analytic  solution  of  the  details  of  the 
lateral  structure  of  the  jet.  Therefore,  any  reasonable  pro- 
file shape  can  be  assumed  although  all  evidence  implies  that  some 
sort  of  bell  shape  is  more  descriptive  of  the  lateral  profile 
than,  say,  a top-hat  profile  (values  constant  across  plume). 

The  forms  chosen  for  this  model  are  polynomials,  originally 
proposed  by  Abramovich  (12)  and  used  in  a heated  discharge  model 
by  Stolzenbach  and  Harleman  (13) . They  are  given  in  the  following 
equations  and  schematically  indicated  in  Figure  1. 


u - Uq  COS  ft  + (Jc  /b) 

(7) 

fs) 

L = U + Zc  ffy.D 

( 9 ) 

+ Pc 

Oo) 

f (%  u = few ' = / - (%)  v* 

Of) 

li 
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in  which  La=ambient  BOD 

D^-ambient  DO  deficit 
^■velocity  in  jet 

uc*centerline  excess  velocity  in  jet 
^“lateral  distance  in  jet  measured  from  axis  (*i=0) 
and  normal  to  the  axis 
b=jet  half-width 

L=BOD  excess  at  any  point  in  jet  cross  section 
Lc*BOD  excess  (above  ambient  BOD)  at  jet  axis 
D=DO  excess  at  any  point  in  jet  cross  section 
Dc=DO  excess  at  jet  axis 

Note  that  these  profiles  have  the  advantage  over  Gaussian  pro- 
files that  they  do  approach  a finite  jet  limit,  such  that  ambient 
values  are  reached  at  v^=b. 

The  f expression  in  Equation  8,  as  noted,  is  based  on 
Abramovich,  work.  The  use  of  g=/f  ',  as  noted  by  Stolzenbach 
and  Harleman  (13)  is  based  on  Taylor's  theory  that  scalar  proper- 
ties (heat,  e.g.)  are  diffused  more  rapidly  than  is  momentum. 

In  the  use  of  integral  analysis,  one  of  two  approaches 
must  be  taken  to  consider  the  changing  jet  characteristics  due 
to  entrainment  of  ambient  fluid  by  the  jet.  Either  one  must 
be  based  on  empirical  evidence.  One  method  is  to  assume  the 
form  of  an  expression  describing  the  rate  of  change  of  width 
of  the  plume.  The  second  method  is  the  entrainment  formulation, 
which  is  the  one  chosen  here.  This  formulation  assumes  that  the 
rate  of  fluid  entrainment  into  tjj,e  jet  is  proportional  to  the 
jet  centerline -excess  velocity,  uc-  An  entrainment  velocity  is 
postulated,  representing  an  inflow  velocity  across  the  jet 
boundary.  This  velocity  is  assumed  to  be 


Ve  - £ Uc 


in  which  Ve=*entrainment  velocity 

E=entrainment  coefficient 

Further  discussion  on  this  approach  can  be  found  in  references 
8 and  10. 

The  assumption  of  similar  profiles  is  usually  considered 
valid  only  after  some  initial  region,  called  the  zone  of  flow 
establishment  (ZOFE);  during  which  mixing  proceeds 
from  the  jet  boundaries  to  the  axis  and  the  profile  is  estab- 
lished. An  excellent  discussion  appears  in  a paper  by  Albertson, 
et  al  (15),  and  further  discussion  exists  in  reference  8.  There- 
fore, the  portion  of  the  model  assuming  similar  profiles  can 
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only  be  employed  from  the  end  of  the  ZOFE.  As  shown  in  figure 
1,  the  jet  may  have  experienced  considerable  bending  and  some 
dilution  and  widening.  Two  approaches  exist,  (1)  solving  the 
basic  equations  for  conditions  throughout  the  ZOFE  or  (2)  using 
empirical  evidence  coupled  with  simple  conservation  relations. 

In  this  beginning  studies,  the  latter  approach  is  being  used  to 
simplify  matters.  Few  people  have  attempted  a solution  in  the 
ZOFE,  and  hone  really  satisfactorily.  Treatment  of  the  ZOFE 
will  be  discussed  in  a later  section,  showing  how  the  jet  angle, 
^o,and  half 'width,  bo,  at  the  end  of  the  ZOFE  are  determined 
and  used  as  the  starting  point  for  integration  of  the  model 
equations  to  find  a solution. 

Assumptions  basic  to  formulation  of  the  near-field  model 
for  this  study  can  be  summarized  as  shown  below. 

1.  All  flows  are  steady. 

2.  The  jet  is  two-dimensional,  i.e.,  there  is  no 
vertical  entrainment  occurring. 

3.  Turbulent  mixing  into  the  jet  is  represented  by 
entrainment  as  indicated  in  Equation  12. 

4.  Profiles  of  velocity  and  other  pertinent  parameters 
normal  to  the  jet  axis  are  similar  along  the  jet  axis  and  are 
prescribed  by  Equations  7-11. 

5.  Pressure  differential  across  the  jet  due  to  ambient 
flow  separation  can  be  represented  by  a drag  force  (similar  to 
Fan  (14))which  can  be  described  by  a drug  coefficient,  Cj),  times 
an  appropriate  ambient  velocity  head,  times  an  exposed  j6t 
area. 


6.  Meoxygenation  and  reaeration  processes  can  be  de- 
scribed as  first  order  reactions,  similar  to  Equations  1 and  2. 

7.  The  zone  of  flow  establishment  can  be  described  by 
empirical  evidence  for  the  length  and  the  angle,  /^o,  resulting 
at  its  end  point. 

8.  The  initial  model  will  assume  a uniform  ambient 
velocity  field  and  constant  values  of  E and  Cp  along  the  jet. 
These  can,  however,  be  made  to  vary  by  simple  changes  within 
the  computer  solution  routines. 


Equation  Development 

Integration  of  the  basic  conservation  relationships  over  the 
cross  section  of  the  jet  will  yield  the  necessary  equations  to 
describe  the  system. 


)| 


1-10 


FIGURE  1 - SCHEMATIC  FOR  ANALYSIS  OF  SURFACE  JET 


Conservation  of  Mass 

Integration  of  the  volume  flux  equation  over  the  cross 
section  yields  the  relationship  between  the  rate  of  change  of 
volume  flux  along  the  jet  axis  and  the  flow  entrained  into  the 
jet  across  the  outer  jet  boundary. 

a,) 

in  which  s=distance  along  jet  axis 

z=vertical  dimension  of  jet  (note  2z=circumference 
exposed  to  entrainment.) 


Substitution  of  the  velocity  expression  from  Equation  7 
enables  integration  of  Equation  13  to  yield 

£[b{ua  COS/S  40.450  = ££  04) 

The  jet  depth,  z,  has  been  cancelled  out  of  the  equation. 

If  z were  a variable,  the  form  of  Equation  14  would  be  different 
and  include  some  function  of  z.  The  constant  0.450  represents 
integration  of  the  polynomial  from  Equation  7. 

Conservation  of  Momentum 


The  momentum  flux  is  resolved,  for  convenience,  into  its 
components  along  the  x and  y axes.  The  two  factors  tending 
to  change  the  momentum  flux  are  (1)  the  entrainment  of  ambient 
fluid  which  has  its  own  momentum  flux  (in  the  x-direction)  and 
(2)  the  force  exerted  across  the  jet  by  pressure  differentials. 
In  the  x-direction,  momentum  entrainment  and  the  x-component  of 
the  drag  force- are  important, or 

^/Y/2  t/'cosfi  ?</^7  =/J  ll(2iEuc)  („) 

' * Fo  vn/3 


in  which  ^a=mass  density  of  fluid 
The  drag  force  is  expressed  as 

Pa  CD  W1  25/hfi 

Z 


Some  investigators  suggest  other  forms  for  Fp,  but  the 
differences  are  believed  slight.  For  example,  Jirka,  et  al 
(10)  suggest  using  Sin1 instead  of  sin^  in  Equation  16. 
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In  the  y direction,  the  entrained  fluid  has  no  y-momentum 
component,  so  the  only  factor  is  the  y-component  of  the  drag 
force,  or  ^ 

zs[ftfk  / = -0>  cos P 071 

Insertion  of  the  velocity  profile  from  Equation  7 enables 
integration  of  Equations  15  and  17  to  yield 

[bcos ft{ V*2Cos  'ft  + 0.900  Uc  U cos  ft  +0.3/6  ac  zjj 


= £Qc  Ua  + C°U°  s/'1 

c 4- 


jfcfbs’h  ftt. 'J.  +0.?0O  £ lZcoip  +0.3/6  uc 

_ _ Cp  s/n/3  cos  {2  (l,‘ 

Geometry  Equations 

The  geometric  relations  between  length  changes  along  the 
jet  axis  and  x and  y changes  yield  two  geometry  equations. 

^L.  =r  COS  ft  czo) 

4*-.  = 5/0  ft 

The  five  equations  - 14,  18,  19,  20,  and  21-which  have 
been  developed  describe  the  hydrodynamic  behavior  of  the  jet. 
Solution  of  these  equations  as  a unit  yield  the  jet  trajectory, 
velocity,  width,  and  therefore  the  dilution  it  undergoes.  To 
these  equations  must  be  added  equations  for  any  water  quality 
parameters  of  interest.  The  BOD  and  DO  deficit  equations  to 
be  used  here  are  uncoupled  from  these  first  five  equations  in 
that  the  BOD  and  DO  equations  do  not  feed  back  into  the  hydro- 
dynamic  equations.  If  parameters  such  as  temperature  or  high 
suspended  solids  were  included  which  significantly  affected 
density  characteristics  and  hence  flow  behavior,  feedback  would 
exist.  Very  clearly,  in  all  instances  the  first  five  equations 
feed  information  into  the  DO  and  BOD  equations. 
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BOD  Equation 


Two  processes  act  to  change  the  BOD  flux  as  one  moves  along 
the  jet  axis  - entrainment  of  fluid  at  the  ambient  BOD  level, 
La,  and  decay  as  shown  in  Equation  1.  This  is  expressed  as 


£[[*uL  Zz£Sc  L -K[tL  'zd>>i 

in  which  L*  =BOD  value  at  any  point  in  cross  section 

Insertion  of  profiles  from  Equations  7 and  9,  integration, 
and  simplification  yield  y 

7-  p + 0.450LUc  +0.600 Lit,  COS 0 46.%8ucLjj 

= £a.L  -KbfL  +o^ootj 


in  which  L=»centerline  BOD  excess  above  La 


DO  Deficit  Equation 

The  processes  changing  flux  of  DO  deficit  along  the  axis 
include  entrainment  of  ambient  fluid  of  deficit  Da,  oxygen  use 
to  reduce  BOD,  and  reaeration  as  indicated  in  Equation  2. 
Combining  these  effects  yields  ^ 


/)  w 

2zEucDa  + K, [h  L dy 
- Kt  [*D 


(24) 


in  which  D =D0  deficit  at  any  point  in  section 


Insertion  of  profiles  from  Equations  7,  9,  and  10  enables 


integration  which  leads  to 


=fac  U +Kbfu  ■KUOOL]-f'zb[a>  +dC60D] 


in  which  D=centerline  DO  deficit  excess  above  Da 


Summary  of  Equation  System 

The  near-field  oxygen  dynamics  problem  has  now  been  described 
by  a system  of  seven  differential  equations  - 14,  18,  19,  20, 

21,  23,  and  25  - which  contain  seven  unknowns  - Tic  > b,  £,  x,  y, 

L,  and  D - all  a function  of  s,  the  distance  measured  along  the 
jet  axis.  Note  than  once  any  of  the  centerline  values  (such  as 
Tic,  L,  or  D)  are  predicted  from  this  equation  set,  values  at 
points  other  than  on  the  centerline  are  obtained  from  the 
assumed  lateral  profiles  of  those  properties.  In  the  Equations 
are  two  empirically  obtained  coefficients,  E and  Cp. 

A review  of  the  procedure  in  formulating  the  equations  for 
BOD  and  DO  deficit  shows  that  any  other  parameters  could  easily 
be  included.  Other  source  or  sink  terms  can  be  included  in 
the  BOD  and  DO  equations  if  desired.  If  the  reactions  representing 
sources  and  sinks  for  other  constituents  can  be  identified, 
then  equations  can  be  written  for  those  constituents.  If  the 
constituent  of  interest  is  conservative,  then  the  only  item  on 
the  right  hand  side  of  the  equation  would  be  the  term  showing 
entrainment  of  ambient  fluid.  If  quantities  of  this  constituent 
were  negligible  in  the  ambient  fluid,  then  the  right-hand  side 
would  reduce  to  zero,  indicating  that  the  flux  of  that  constituent 
along  the  jet  axis  was  constant.  It  is  expected  that  the  left 
hand  side  of  the  equation  for  most  constituents  would  have  much 
the  same  appearance  as  the  left-hand  sides  of  Equations  23  and 
25. 

Non-dimensionalization  of  Equations 

In  order  to  more  easily  solve  the  equation  system  on  the 
computer,  it  is  helpful  to  try  to  non-dimensionalize  the  equations 
to  the  extent  possible,  with  the  goal  of  reducing  the  left  hand 
side  of  each  of  the  seven  equations  to  a derivative  of  a single 
dimensionless  variable  taken  with  respect  to  a non-dimensional 
axial  distance.  The  full  set  of  steps  in  this  process  will  not 
be  presented  here,  but  Appendix  A contains  the  non-dimensionalized 
set  of  equations. 

ZOFE  Treatment 

As  noted,  in  order  to  obtain  a solution  it  is  necessary 
to  provide  values  of  the  parameters  bo  and  o at  the  end  of  the 
zone  of  flow  establishment,  in  addition  to  values  uo,  Lo,  and 
Do,  the  excess  values  at  the  end  of  ZOFE. 
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For  the  reduced  angle,  $o,  the  data  presented  by  Motz  and 
Benedict  (16)  will  be  utilized.  It  is  expected  that  these 
values  will  provideangles  sufficiently  close  to  actual  to  give 
useful  results.  Ultimately,  sensitivity  of  the  model  to  input 
angle  will  have  to  be  reviewed,  but  these  existing  data  will 
be  used  for  current  modeling  efforts. 


The  initial  velocity  excess,  uo, 
is  defined  by 

U0  - Ua  -Va  cosfr 


at  the  end  of  the  ZOFE 

(ZC.) 


in  which  Uo=initial  excess  centerline  velocity  at  end  of  ZOFE 
U0=discharge  velocity  = Qp/Ap 
Qp=total  plant  discharge 
Ap=area  of  discharge  ovifice 

This  merely  recognizes  that  the  total  jet  centerline  velocity 
at  the  end  of  the  ZOFE  is  still  that  which  existed  at  jet  dis- 
charge, or  Up.  Values  for  Lo  and  Do  are  simply  found  by  sub- 
tracting ambient  values  La  and  Da  from  discharge  values  Lo’  and 
Do'  . 


The  remaining  parameter  needed  at  the  end  of  the  ZOFE  is 
bo,  the  jet  half-width.  The  initial  discharge  half  width  is 
b0' . It  has  been  stated  that  different  lateral  profiles  were 
chosen  for  the  scalar  properties  than  for  velocity  due  to  the 
faster  lateral  diffusion  of  the  former.  This  has  the  effect 
of  causing  the  ZOFE  based  on  L,  e.g.,  to  end  before  the  ZOFE 
based  on  velocity.  This  would  mean  that  when  this  latter  point 
was  reached,  the  BOD  would  already  be  below  Lo.  However,  little 
is  known  about  this  behavior  in  discharges  into  moving  streams. 
Therefore,  for  the  time  being  it  will  be  assumed  that  the  ZOFE 
has  the  same  length  by  either  definition.  Fan  (14)  notes  that 
this  has  the  effect  of  underestimating  the  dilution  of  the 
scalar  property,  in  this  case  BOD,  probably  by  about  10  percent. 
Further  refinement  in  this  approach  may  be  sought  in  the  future, 
but  the  accuracy  here  is  believed  consistent  with  goals  of  the 
current  work. 

Using  this  assumption,  and  neglecting  any  decay  of  BOD  in 
the  ZOFE,  the  flux  of  BOD  in  the  jet  from  the  orifice  can  be 
equated  to  the  flux  of  BOD  in  the  jet  at  the  end  of  the  ZOFE. 

If  ambient  BOD,  La,  is  assumed  zero,  this  conservation  equation 
becomes 

2U0b0'*Lj  = ^4  Z 4 {0.6O  cr  cos  +0.368  Q0J 


\ 


I 

I 
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Using  the  definition  given  in  Equation  27,  it  is  possible  to 
obtain 

^2.  - (Z8) 

4 ' a 368  + o.  A COS  jSQ 

in  which  A=Ua/U0 

A more  complete  expression  for  bo  will  be  developed  in  the 
future  to  also  cover  cases  where  L0'  is  of  the  same  order  of 
magnitude  as  La.  In  addition,  if  evidence  becomes  available 
to  suggest  a decrease  of  centerline  BOD  by  the  end  of  the 
velocity  ZOFE,  this  can  be  incorporated. 

Selection  of  Coefficients 


i 


Y 

\ 
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The  coefficients  to  be  specified  for  the  model  are  the 
entrainment  coefficient,  E,  and  the  drag  coefficient,  Cp. 

Values  for  these  coefficients  are  somewhat  dependent  on  the 
profiles  used.  However,  previous  work  suggests  that  Cp  is 
similar  to  values  for  solid  bodies  and  is  in  the  range  0.5  - 
1.0.  Stolzenbach  and  Harleman  (13)  who  used  the  same  profile 
forms  for  heated  discharges,  have  been  successful  using  the 
same  E value  for  all  cases,  on  the  order  of  0.05.  Prych's 
model  (17)  , as  fitted  to  extensive  data  by  Shirazi  and  Davis 
(18)  has  employed  a single  E value,  also  equal  to  0.05  but 
using  Gaussian  profiles,  for  all  cases.  While  some  uncertainty 
exists  on  these  coefficients,  it  is  believed  that  use  of  E=0.05 
and  Cp=0.5  will  provide  a sound  beginning  point  for  analysis, 
and  these  values  will  be  employed  here. 

Computer  Solution  Techniques 

The  seven  dimensionless  equations  must  be  solved  numerically 
on  the  computer  for  a given  set  of  input  values.  Physical 
values  which  must  be  known  include  these:  b0,  0o,  Uo , A=Ua/Uo, 

Lo , La,  Do,  Da,  Ki,  K2 , E,  and  Cp.  Details  of  input  format 
are  included  with  the  computer  program.  With  the  input  data 
provided,  the  program  solves  the  equation  system  by  a fourth- 
order  Runge-Kutta  technique. 
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TYPICAL  RUNS  AND  RESULTS 


Selection  of  Cases 

Runs  to  evaluate  the  reasonableness  and  utility  of  the 
model  must  be  made  for  some  cases.  A beginning  point  is 
the  case  considered  by  Rood  and  Holley  (7) , who  selected, 
among  others,  a case  presented  by  Velz  C 3 , p 215). 

The  parameters  of  the  system  are: 

Ua=0.6  ft/sec 
B=river  width  « 473  ft 
H=river  depth  = 4 ft 
LA=mixed  river  BOD  = 12.15  mg/1 

(loading  of  population  equivalent  of  311  ,000) 
K!=0 . 416/day 
K2=l . 38/ day 

Rood  and  Holley  (7)  analyzed  this  situation  with  no 
upstream  BOD  (La=0)  and  no  upstream  deficit  (Da=0) , which 
will  also  be  done  here.  One  thing  that  is  noteworthy  in 
Velz'  book  is  that  he  makes  no  mention  of  the  way  in  which 
the  material  is  discharged  to  the  receiving  stream.  There 
are,  therefore,  a multitude  of  possible  schemes  for  such 
a discharge,  and  several  will  be  investigated  here. 

As  a beginning  case  this  situation  had  several  nice 
features.  First,  it  is  a shallow  receiving  stream  so  the 
two-dimensional  assumption  of  the  model  is  reasonable. 
Second,  the  value  of  K2  is  very  high,  leading  to  a critical 
deficit  point  further  upstream , possibly  closer  to  or  in 
the  region  where  the  jet  model  may  be  expected  to  still 
be  valid.  As  the  depth  is  so  shallow,  only  the  case  Z=H 
will  be  considered.- 

For  La=0,  the  mixed  concentration  in  the  river  can  be 
calculated  by 

I - Q [ (??) 

LA  & L° 

in  which  Qp=plant  flow  rate 
Qr=river  flow  rate 

Solution  of  Equation  29  for  Qp  and  insertion  into  the 
expression  for  initial  discharge  velocity,  Uo , gives 

5=0  (U/i.) 

° ~U. \7f <to) 

in  which  Bo=discharge  width 
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In  this  expression  are  three  variables,  any  two  of  which 
can  be  selected;  the  value  of  the  third  is  then  fixed  by  Equation 
30.  Essentially,  any  combination  of  Uo,  Lo , and  Bo  which  satisfies 
this  equation  for  the  given  La,  Qr,  and  H will  discharge  the  same 
amount  of  BOD  into  the  river.  Therefore,  Equation  30  was  used 
as  a basis  for  selecting  several  alternatives  to  review.  It  was 
also  felt  that  if  this  was  considered  to  be  primarily  domestic 
waste,  then  a population  equivalent  of  311,000  would  result  in 
a flow  of  from  about  31.1  MGD  - 62.2  MGD  (based  on  100-20Q  gallons 
per  capita  per  day),  or  about  48-96  cfs.  Therefore,  discharge 
flows,  Qp,  should  probably  be  in  this  range. 

COMPARISON  TECHNIQUES 
Critical  Deficit  and  Location 

Several  different  means  of  estimating  the  critical  deficit 
and  its  location  now  exist.  Three  immediate  ones  are  the  1-D 
method  represented  by  Equations  3-6,  the  2-D  diffusion  model 
by  Rood  and  Holley  (7),  and  the  jet  model  of  this  paper.  A 
fourth  one  which  will  be  used  here  to  provide  a comparison  will 
be  a coupling  of  the  jet  model  and  the  1-D  approach.  Jet  model 
results  will  be  applied  until  some  cutoff  point  is  reached  where 
the  so-called  far  field  (region  where  discharge  characteristics 
no  longer  have  any  real  influence  and  the  dominant  factor  is 
the  ambient  current  and  ambient  turbulence)  begins.  The  criterion 
here  is  that  recommended  by  Jirka,  et  al  (10)  who  suggest 
ending  the  jet  region  when  the  centerline  velocity  excess  ~c , 
is  less  than  10  percent  of  the  original  excess,  uo.  When  this 
point  is  reached,  some  lateral  distribution  of  BOD  and  DO  deficit 
will  be  shown  by  the  model.  To  tie  immediately  to  the  1-D  model 
it  will  then  be  necessary  to  evaluate  the  average  BOI.)  (this  will 
be  La  in  Equations  3-6)  and  average  deficit  (this  will  be  Da  in 
Equations  3-6)  and  then  apply  the  1-D  equations  downstream.  The 
location  of  the  critical  deficit  would  then  be  the  distance  pre- 
dicted by  the  1-D  method  (Equation  5)  plus  the  distance  at  the 
jet  cutoff  point.  Obviously,  the  adequacy  of  this  technique  is 
dependent  upon  the  degree  to  which  the  distribution  remaining 
from  the  jet  solution  approaches  a laterally  mixed  condition. 

It  may,  however,  provide  some  further  insight  to  the  results. 

Area  and  Volume  Influenced 

Another  useful  piece  of  information  which  can  be  extracted 
from  the  two-dimensional  models  is  the  area  and  hence  volume 
of  tire  receiving  stream  affected  by  deficits  greater  than  some 
chosen  level.  For  example,  it  might  be  desirable  to  estimate 
what  part  of  the  river  is  exposed  to  deficits  greater  than  the 
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critical  deficit  if  predicted  by  Equation  6.  The  portion  of  the 
cross-sectional  area  of  the  river  so  affected  may  be  of  interest 
also.  These  concepts  have  been  widely  applied  in  evaluation  of 
impact  of  thermal  discharges. 

Equation  10  describes  the  lateral  variation  of  the  deficit 
Dc  is  known.  For  a specified  deficit  of  interest,  say  Dr , the 
lateral  distance  to  that  contour  (of  equal  DO  deficit)  can  be 
calculated  using  this  equation  to  yield  (with  some  manipulation) 


7 =, 


p-p. 


W L 


(n) 


in  which  D-Dc/Lo 
W=b<-/b0 

bc=jet  half  width  at  section  of  interest 
W ^lateral  distance  (from  jet  axis)  to  location  of 
deficit  value  D 


Note  that  this  expression  is  only  valid  for  locations  where  the 
centerline  deficit  is  greater  than  the  deficit  of  interest.  If 
it  is  not,  it  merely  means  that  no  point  in  the  cross-section 
has  a deficit  that  large. 

If  the  deficit  first  reaches  D*  on  the  axis  at  S„  and  continyes 
greater  than  D'  until  location  S2,  the  surface  area  within  the  D 
contour  can  be  found  from  - 


wp 


D L 


dS 


(sz) 


in  which  Ac*area  within  D contour 
S=  sE 
ScT 

For  the  two-dimensional  case  being  studied  here,  the  volume 
affected  would  simply  be  Ac  multiplied  by  the  stream  depth.  The 
portion  of  the  stream  cross  section  affected  at  any  point  can 
be  determined  by  comparison  of  the  contour  widths  to  stream  width. 


RUNS  AND  RESULTS 

Table  1 presents  basic  information  on  the  runs  made  for  initial 
evaluation . 
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TABLE  1 - BASIC  RUN  PARAMETERS 


A- 

Ua/Uo 


Lo  , 
mg/1 


90 

50 

14.4 

473 

200 

0 

0 

28.8 

473 

200 

90 

72 

14.4 

473 

80 

90 

65 

7.2 

473 

200 

0 

65 

14.4 

473 

200 

90 

27 

23.04 

473 

200 

0 

0 

46  i 1 

473 

200 

0 

0 

184.3 

473 

50 

90 

27 

9.6 

197 

200 

0 

0 

19.2 

197 

200 

O.S 

0.5 

0.2 

0.25 

0.25 

0.8 

0.8 

0.8 

0.8 

0.8 


For  all  these  runs,  except  No  9,  Kj  = 0.416/day  and  Kz  - 1 38/ 
day;  for  Run  9 , K2  - 0.138/day.  Also,  for  Runs  9 and  10,  a check 
will  reveal  that  the  total  BOD  loading  on  the  river  has  been 
decreased  by  a factor  2.4  (proportional  to  decrease  of  the  width, 
B)  because  the  mixed  concentration  La  was  retained  constant. 

One  other  point  should  be  mentioned  concerning  those  dis- 
charges at  an  angle  of  zero  degrees  (Runs  2,  5,  7,  8 and  10). 

In  all  cases  the  value  of  Bo  is  twice  what  would  be  shown  from 
Equation  30.  This  is  because  these  discharges  have  been 
schematized  by  treating  them  as  discharges  of  twice  the  physical 
width  with  the  centerline  on  the  bank.  Therefore,  the  actual 
physical  discharge  width  in  the  stream  is  one-half  that  shown 
in  Table  1 for  the  runs  cited,  making  the  total  discharge  correct. 

Results  of  the  analyses  are  presented  in  Table  2. 


I 
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TABLE  2 - RESULTS  OF  RUNS 


RUN 

ROOD 

Dc,  mg/1 
1-D  JET 
+ 1-D 

JET 

only 

ROOD 

Xc, 

1-D 

miles 
JET 
+ 1-D 

JET 

only 

1 

9.55 

2.18 

2.18 

3.12 

5.6 

12.2 

12.46 

6.16 

2 

9.55 

2.18 

a 

3.50 

5.6 

12.2 

a 

6.90 

3 

9.55 

2.18 

2.13 

0.89 

5.6 

12.2 

12.51 

7.64 

4 

9.55 

2.18 

2.18 

1.65 

5.6 

12.2 

12.40 

6.95 

5 

9.55 

2.18 

2.18 

1.92 

5.6 

12.2 

14.55 

7.64 

6 

9.55 

2.18 

2.19 

6.96 

5.6 

12.2 

12.33 

6.23 

7 

9.55 

2.18 

a 

7.03 

5.6 

12.2 

a 

6.56 

8 

9.55 

2.18 

a 

3.23 

5.6 

12.2 

a 

7.21 

9 

b 

7.00 

7.04 

8.35 

b 

39.1 

39.1 

18.96 

10 

3.94 

2.18 

a 

4.64 

5.6 

12.2 

a 

15.2 

a:  critical  deficit  in  jet  model  occurs  before  cut  off  point 

b:  No  comparable  run 

A number  of  preliminary  observations  can  be  made  based  on 
results  shown  in  Table  2. 

First,  note  that  the  critical  deficit  given  by  the  jet 
+ 1-D  approximation  is  essentially  identical  to  that  by  1-D 
equations  alone.  In  fact,  using  the  same  value  of  Ki , the  decay 
of  BOD  from  the  stream  cross-section  will  be  the  same  if  the  total 
quantity  of  BOD  in  the  section  is  the  same,  regardless  of  the 
distribution.  Therefore,  the  total  amount  of  BOD  remaining  at 
any  point  downstream  will  be  the  same.  In  fact,  all  the  jet  + 

1-D  values  should  identically  match  the  1-D  critical  deficit, 
but  there  are  a. few  anomalies  due  to  the  predicted  jet  size 
exceeding  the  actual  stream  width. 

Bank  effects  can  be  observed  by  looking  at  Runs  3-5. 

Note  that  the  critical  deficit  is  less  than  the  1-D  value.  This 
occurs  because  the  jet  model  predicts  jet  spreading  which  causes 
the  jet  to  extend  past  the  actual  physical  bank.  Because  of  its 
inability  to  account  for  the  finite  limit  placed  by  the  bank, 
the  jet  model  overestimates  the  total  dilution  which  the  plume 
achieves.  Physically,  once  a bank  is  reached,  entrainment  would 
cease,  but  the  model  does  not  account  for  this  at  this  time. 

It  is  apparent  that  jet-induced  mixing  brings  about  a more 
rapid  dilution  than  predicted  by  the  diffusion  model  of  Rood  and 
Holley.  Runs  1 and  2,  where  bank  effects  are  not  significant, 
illustrate  this  point.  The  discharge  velocity  is  2 times  the 
ambient  velocity  in  these  runs,  and  the  maximum  deficit  is  sub- 
stantially reduced  due  to  the  more  rapid  early  dilution. 
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Both  the  jet  and  diffusion  models  predict  a smaller  dis- 
tance to  the  critical  deficit  than  the  1-D  model  does.  In  a case 
where  the  stream  is  of  constant  section,  this  location  may  not 
be  too  important.  However,  in  streams  of  varying  section,  where 
segmenting  is  necessary  in  modeling,  it  could  be  very  important. 

Higher  values  of  A imply  that  the  jet  discharge  velocity 
approaches  the  ambient  velocity  in  magnitude.  These  cases 
approach  the  diffusion  case  more  closely  for  the  degree  of  jet- 
induced  dilution  early  in  the  jet  is  reduced.  Runs  6 and  7 show 
critical  deficits  considerable  higher  than  those  for  Runs  1 and 
2,  and  they  approach  the  diffusion  values. 

Run  8 shows  a somewhat  artificial  case  showing  the  approach 
to  1-D  results.  To  form  the  case  for  Run  8,  the  discharge  of 
Run  7 was  made  4 times  wider  with  a BOD  concentration  of  one- 
fourth,  thereby  heeping  the  total  BOD  loading  constant.  Note 
the  reduction  in  the  critical  deficit  to  something  which  approaches 
the  1-D  value.  This  corresponds  to  a discharge  extending  hbout 
20  percent  of  the  stream  width.  This  condition  could  be  obtained 
by  a diffuser  pipe  of  that  length. 

The  angle  of  the  discharge,  j^o  , is  clearly  important  in 
determining  impingement  on  near  or  far  banks,  but  it  may  be 
less  important  in  dilution  calculations.  Note  that  the  critical 
deficit  in  Runs  1 and  2 do  not  differ  by  much  despite  the  dis- 
charge angle  difference.  This  effect  is  even  more  pronounced  in 
Runs  6 and  7,  where  the  deficit  differs  by  only  about  one  percent. 
In  this  latter  case,  it  is  easy  to  see  why  such  is  the  case,  as 
the  high  A value  leads  to  a substantial  decrease  in  the  initial 
angle  within  the  ZOFE.  Note  that  the  angle  drops  from  90°  to  27° 
in  this  short  distance.  If  further  investigation  confirms  this 
preliminary  finding,  then  some  analyses  might  be  simplified  by 
use  of  a different  angle. 

Area  Calculations 


The  computer  program  currently  does  not  contain  the  area 
calculations  represented  by  Equation  32.  However,  a hand  calcu- 
lation was  made  for  Run  7,  using  the  computer  output  values  for 
jet  half  width  and  deficits  along  the  jet  axis.  The  contour  of  2.18 
mg/1  was  chosen  as  this  corresponds  to  the  1-D  critical  value. 

For  this  case  the  deficit  first  reaches  2.18  mg/1  on  the  jet  axis 
(along  the  bank  in  this  case)  at  about  0.44  miles  (downstream 
from  the  outfall)  and  would  continue  greater  than  2.18  mg/1, 
according  to  the  model,  until  about  33.6  miles  downstream.  The 
iso-deficit  contour  of  2.18  mg/1  has  a maximum  extent  into  the 
river  of  about  230  ft.  The  total  area  encompassed  by  this  contour 
(i.e.,  the  area  with  deficits  greater  than  or  equal  to  2.18  mg/1) 
is  predicted  as  35.1  acres.  Obviously,  extension  of  results  to 


33  miles  is  foolish,  but  as  experience  is  gained  with  the  model 
and  as  full  knowledge  of  characteristics  of  a given  river  exist, 
it  will  be  possible  to  evaluate  which  portions  of  the  projected 
contours  are  applicable. 

Organization  of  Results 

An  attempt  has  been  made  to  organize  results  using  dimension- 
less groupings  from  a dimensional  analysis  of  the  near-field  prob- 
lem. Rood  and  Holley  (7)  found  that  they  were  able  to  present 
their  findings  in  a very  useful  format  this  way.  It  is  believed 
that  the  same  can  be  accomplished  here,  possibly  negating  the 
need  for  computer  runs  in  some  applications.  However,  many  more 
runs  are  needed  to  establish  the  proper  relationships.  The  problem 
here  also  has  more  variables  than  the  diffusion  solution  by 
Rood  and  Holley  (7)  because  of  the  variety  of  discharge  combin- 
ations possible  with  the  jet  model.  Preliminary  reviews  indicate 
that  Dcr/Lo  (where  Dcr  = critical  deficit)  is  a function  of,  at 
least  A o,  K2/Kj,  and  Koi  = boKj/EUo.  It  is  believed  that 
sufficient  numerical  experimentation  with  the  model  will  develop 
some  relationships  which  will  enable,  in  most  cases,  a first 
assessment  without  need  for  funning  the  computer  program.  Further 
work  is  needed  to  define  this  possibility. 


MODEL  LIMITATIONS 

It  is  appropriate  to  review  some  of  the  major  model  limi- 
tations which  have  been  identified,  most  of  which  are  common  to 
integral  models'.  The  first  obvious  limitation  is  the  inability 
to  cope  with  interference  by  stream  banks.  The  case  of  a zero 
angle  discharge  is  fairly  easily  schematized,  as  shown  earlier. 
Ways  to  treat  other  cases  of  near  and  far  bank  impingement  and 
the  resultant  reduction  of  entrainment  (and  possible  re-entrain- 
ment) are  less  clear  cut.  Benedict,  et  al  (8)  have  suggested 
using  reduced  values  of  the  entrainment  coefficient  when  bank 
interference  is  obvious.  Also,  Jirka,  et  al  (10)  suggest  that 
meaningful  results  can  still  be  obtained  by  modification  of  model 
results  to  account  for  bank  interference,  although  only  gross 
attempts  have  been  made  to  date.  This  problem  needs  more  atten- 
tion in  the  current  model  and  similar  discharge  models. 
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Diffusion  due  to  ambient  turbulence  is  a process  separate 
from  the  jet-induced  entrainment  of  ambient  fluid.  As  the  jet 
proceeds  downstream  and  the  excess  velocity  gets  smaller,  the 
magnitude  of  mixing  due  to  turbulent  diffusion  will  be  of  the 
same  order  as  jet  entrainment  and  ultimately  be  larger.  Failure 
to  account  for  this  diffusion  further  downstream  may  cause  the 
jet  model  to  underpredict  the  incremental  dilution  in  those 
reaches . 

An  obvious  limitation  exists  due  to  the  fact  that  few  streams 
will  retain  constant  hydraulic  conditions  (width,  depth,  velocity, 
etc.)  long  enough  for  the  full  application  of  the  model  to 
the  far-field,  completely  mixed  situation.  The  example  from 
Run  7 in  excess  of  30  miles  is  a case  in  point.  Work  needs  to 
be  done  to  tie  the  model  to  other  components  to  handle  the  prob- 
lem of  changing  channel  hydraulics. 


MODEL  UTILITY 

Full  model  utility  has  not  yet  been  identified.  However, 
it  seems  clear  that  it  provides  a tool  for  assessment  of  the 
impact  of  the  particular  discharge  strategy  chosen  for  a given 
waste  loading.  One  thing  that  should  be  made  clear  is  that  the 
model  should  not  only  be  applicable  to  lakes,  it  should  provide 
a useful  tool  for  input  into  various  lake  models.  While  the 
two-dimensional  character  of  the  model  might  have  to  be  modified 
for  some  lake  systems,  the  possibility  of  less  bank  interference 
enhances  the  use  of  this  model. 

The  role  of  the  model  in  assessing  adequacy  of  the  1-D 
approach  needs. more  testing.  Ultimately,  the  model  may  help 
sort  out  another  of  the  physical  processes  which  are  so  often 
all  lumped  together  in  best  fit  coefficients.  Also,  the  coupling 
of  the  model  with  other  components  (diffusion,  1-D  model,  etc.) 
may  help  better  depict  the  stages  of  the  oxygen  dynamics  as  one 
moves  downstream. 

RECOMMENDATIONS  FOR  FUTURE  WORK 


Initial  study  has  suggested  a number  of  possible  steps  to 
be  taken  in  the  future.  Several  are  summarized  here. 

1.  Many  more  runs  must  be  made  varying  the  important  dimen- 
sionless groupings  to  enable  organization  of  the  results  into 
a meaningful  format.  From  this  data,  identification  should  be 
made  of  those  cases  where  the  1-1)  model  is  not  satisfactory. 
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2.  The  computer  program  should  be  modified  to  calculate 
desired  areas  influenced.  Efforts  should  be  made  to  also 
establish  a functional  relationship  between  these  areas  and  pertinent 
dimensionless  parameters. 

3.  Ways  to  account  for  bank  interference  should  be  inves- 
tigated, including  entrainment  reduction,  schematization  of  the 
discharge,  and  parametric  estimates  of  recirculation  on  the  near 
bank . 

4.  The  model  should  be  thoroughly  tested  as  to  its  sensitivity 
to  various  input  parameters  and  an  error  analysis  made  to  define 
expected  limits  of  accuracy  and  identify  needed  areas  of  refinement. 

5.  The  addition  of  turbulent  diffusion  to  the  basic 
equations  should  be  considered,  especially  in  the  later  regions 
of  the  jet  where  jet-induced  entrainment  becomes  small. 

6.  Better  ways  should  be  sought  to  tie  the  jet  model  to 
1-D  and/or  diffusion  models  to  carry  the  solution  further  down- 
stream. In  this  context,  the  effect  of  changing  channel  geometry 
should  be  evaluated  with  possible  attempts  to  incorporate 
segmenting  of  the  river  into  the  modeling  process. 

7.  The  addition  of  other  source  and  sink  terms  to  the  DO 
and  BOD  equations  should  be  accomplished  after  the  impact  of 
and  K2  interactions  is  fully  assessed. 

8.  In  order  to  verify  the  model,  any  available  field  and 
laboratory  data  should  be  reviewed  to  assess  model  applicability. 

This  will  likely  be  easier  with  the  hydrodynamic  aspects  of  the 
model. 

9.  Other  water  quality  parameters  should  be  added  to  the 
model  as  data  justifies.  Temperature  is  an  obvious  first  addi- 
tion due  to  the  advances  made  in  thermal  modeling  recently. 

As  far  as  model  verification,  any  substance  which  might  act  as 
a "tracer"  would  be  useful. 

10.  Improve  the  treatment  of  the  zone  of  flow-establishment, 
especially  in  describing  the  width  of  the  jet. 

Further  work  will  bring  forth  other  areas  needing  added 
investigation  and  refinement.  It  is  believed  that  the  model 
described  in  this  report  is  a strong  first  step  in  near-field 
water  quality  modeling. 
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INTRODUCTION 


Installations  of  the  United  States  Air  Force  exist 
in  vastly  different  environmental  settings  throughout 
the  world.  Many  of  these  installations  are  located 
close  to  large  bodies  of  water  and  have  small  lakes  or 
ponds  on  and  streams  traversing  their  grounds.  Numer- 
ous operations  and  missions  at  these  installations 
directly  or  indirectly  impact  these  surface  waters. 
Impacts  result  from  point  and  non-point  effluents 
generated  from  technical/industrial  operations  (e.g., 
aircraft/AGE  wash  racks,  vehicle  wash  racks,  plating 
and  metal  f inishing,  photoprocessing , paint  shops, 

NDI  shops,  degreasing  heating/cooling/power  generating 

t' 

plants) ; general  "domestic"  wastewater;  runoff  from 
runways  (e.g.,  -fuel,  fire  protection  chemicals,  foam 
for  emergency  landings) , streets, and  landscapine  and 
construction  projects;  precipitation  of  airborne 
materials  (e.g.,  exhaust  from  aircraft);  landfills; 
and  from  modifications  of  vegetation  surrounding  and 
overhanging  the  waters.  Some  of  the  effluents  contain 
substances  having  known  or  suspected  toxicity  to 
acquatic  life  (see,  Lefebvre  1969,  1970;  Doudoroff 
1976;  Cardwell  et  al.  1976).  Other  substances  or  their 
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technology.  It.  requires  working  knowledge  of  structure 
and  dynamics  of  aquatic  ecosystems  and  their  watersheds, 
and  adequate  data  bases  for  specific  systems.  Biological 
subsystems  within  ecosystems  are  considerably  more 
complex  and  difficult  to  model  than  physical  dynamics 
(e.g.,  hydrological).  Air  Force  personnel  involved 
in  WQAM  development  should  have  an  understanding  of  the 
structure  and  dynamics  of  aquatic  ecosystems  and  their 
watersheds.  Because  aquatic  systems  vary  considerably 
among  eco-geographical  regions,  they  should  be  cognizant 
of  specific  baseline  data  required  to  develop  models 
of  lentic  and  lotic  dynamics.  These  baseline  data 
minimally  include: 


1.  Species  and  trophic  (foodweb  connectivities) 

structure  throughout  a year  (i.e.,  aspectional 
succession) . 


2.  Spatial  array  of  species. 


3.  Life  histories  of  species  and  factors  that 
sequence  them. 


4.  Relationship  between  physical  structure 

(e.g.,  substrate  particle  size)  and  species. 


5.  Susceptability  of  various  life  history  stages 
(i.e.,  egg,  larval,  immature  and  adult)  of 
species  to  compounds  in  ei fluents  (both 


- type  data  and  data  on  subtle  behavior, 
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fertility,  fecundity,  developmental,  etc., 
effects  of  compounds  singly  and  combined  as 
in  the  effluents  are  required) . 
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4.  Similar  effects  of  physical  factors  (e.g., 
temperature,  turbidity,  flow  rates,  sedimentation) 
on  life  history  stages. 

5.  Standard  water  quality  characterization  in- 
cluding thermal  and  hydrological  regimes 
throughout  the  year. 

6.  Qualitative  and  quantitative  characterization 
of  point  and  non-point  effluents  throughout 
the  year. 

My  basic  objective  in  this  report  is  to  introduce 
Air  Force  personnel  involved  in  WQAM  development  to: 

r 

1.  Nature  and  complexities  of  biotic  communities. 

2.  Current  primitive  status  of  ecological  know- 
ledge and  paucity  of  falsifiable  theories 

at  the  biotic  community-ecosystem  levels. 

3.  Inherent  difficulties  of  applying  mathematical 
modeling  techniques,  so  well-developed  in 
engineering,  to  biological  systems. 

4.  Local  and  regiona 1 variabi lity  and  uniqueness 
• of  biotic  communities. 
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My  approach  is  to  review  and  summarize  some  of  the 
contemporary  literature  on  ecosystem  structure  and 
dynamics  (specifically  biotic  communities  in  stream 
ecosystems) , provide  a reasonably  comprehensive 
bibliography  and  construct  a preliminary  conceptual 
model  for  the  biotic  community  in  Clover  Creek  at 
McChord  AFB,  Washington.  I deliberately  avoid  discus- 
sing literature  on  toxicology  and  pollutant  effects. 

My  report  is  divided  into  four  sections,  each 
with  a selected  bibliography.  These  are: 

I.  General  Contemporary  Concepts  and  Theories 
in  Community  Ecology 

II.  Structure  and  Dynamics  of  Biotic  Communities 
in  Stream  Ecosystems 


III.  General  Comments  on  Modeling  Biotic  Communities 

IV.  General  Conceptual  Model  of  the  Biotic 
Community  in  Clover  Creek 
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I. 


GENERAL  CONTEMPORARY  CONCEPTS  AND  THEORIES  IN 


ECOLOGY 

In  this  section  I wish  to  emphasize  the  relations 
between  biotic  community  structure  (e.g.,  spatial, 
species,  trophic,  niche)  and  dynamics  (e.g.,  energy 
flow,  material  cycling,  population  fluctuations),  and 
the  growing  controversy  surrounding  the  diversity- 
stability  hypothesis;  particularly  in  reference  to 
using  species  diversity  indices  as  unbiased  estimators 
of  ecosystems  "health"  or  to  assess  impacts  of  Air 
Force  projects.  I also  wish  to  argue  for  the  need 
for  development  of  falsifiable  theories  at  the  community- 
ecosystem  level  and  that  studies  designed  to  test  them 
should  be  supported. 

r‘ 

The  concept  of  the  biotic  comm  mity  (*=  living 
components  of  ecosystems)  and  ecosystem  is  not  new  to 
ecologists-.— -However , there  are  divergent  views  among 
ecologistr  as  to  whether  or  not  they  represent  the 
highest  levels  of  functional  biotic  integration.  Odum 
(1971)  add -essed  this  idea  and  pointed  out  the  importance 
of  the  principle  of  functional  integration.  Essen- 
tially life  is  arrayed  in  a hierarchy  of  levels  of 
organization,  and  "...  no  one  level  is  any  more  or 
less  important  or  any  more  or  less  deserving  of  scientifi 
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study  than  any  other  level  . . . furthermore,  the 
findings  at  any  one  level  aid  in  the  study  of  another 
level,  but  never  completely  explain  the  phenomena 
occurring  at  that  level."  Odum  emphasized  this  as 
" an  important  point  because  persons  sometimes 

contend  that  it  is  useless  to  try  to  work  on  complex 
populations  and  communities  when  the  smaller  units 
are  not  yet  fully  understood."  The  principle  infers 
that  new  properties  develop  or  emerge  (emergent  prop- 
erties) at  each  level  of  organization  as  a consequence 
of  subsystems  or  sublevel  coupling.  Thus,  the  whole 
is  greater  than  the  sum  of  its  parts.  In  attempting 
to  understand  one  level,  we  must  be  cognizant  of  what 
knowledge  of  lower  levels  is  trivial  and  what  is  per- 
tinent. Often  work  at  one  level  directs  meaningful 
research  at  lower  levels.  Thus,  ecologists  working 
at  different  levels  should  maintain  communication. 

Such  advice  applies  to  all  disciplines  involved  in 
environmental  studies. 


Smith  (1975)  articulately  summarized,  and  I be- 
lieve put  to  rest,  the  often  semantic  dichotomous  views 
on  ecosystems. 


"Two  extreme  views  of  ecosystems  can  be 
recognized.  In  one  view,  an  ecosystem  emerges 
as  the  sum  of  its  parts.  Any  understanding  of 
the  whole  must  derive  from  studies  of  the  sptcies. 
An  evolutionary  understanding  of  ecosystems  follows 
fropi  studies  of  the  ecology  of  each  species  as 
a product  of  natural  selection.  Such  studies 
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are  the  hear;  rvolutic  nary  Leo logy , basec  on 
intimate  observations  and  experimentation  in 
natural  history,  population  dynamics/  population 
genetics,  behavior,  physiology,  etc.  This 
approach  includes  studies  of  co-evolution  among 
strongly  associated  species.  Studies  on  enough 
species  in  an  ecosystem  will,  collectively,  pro- 
vide an  evolutionary  understanding  of  the  form 
and  function  of  the  system.  In  this  view  the 
species  are  unique.  Any  uniqueness  of  the  eco- 
system derives  from  the  uniqueness  of  its  species. 

In  the  opposite  view,  ecosystems  are  per- 
sistent oraani  zati  or.s  , constrained  to  workable 
configurations  and  therefore  themselves  strongly 
constraining  the  evolution  of  its  species.  Much 
of  the  evolution  that  does  occur  is  irrelevant 
in  the  sense  that  it  has  little  if  any  effect 
on  the  performance  of  the  system.  Indeed,  one 
species  or  set  of  species  may  be  substituted  for 
another  with  little  disruption  of  the  whole. 

This  implies  that  the  uniqueness  of  species  may 
contribute  little  or  nothing  tc  the  uniqueness 
of  the  ecosystem.  In  this  opposite  view,  ecosystems 
have  uniqueness  of  their  own  that  guides  the 
evolution  of  species,  rather  than  emerging  from 
the  evolution  of  species.” 


Smith  argued  ”...  that  both  views  have  validity, 
and  that  they  are  in  less  conflict  than  may  at  first 
appear."  Using  concepts  of  the  hypervolume  niche, 
interspecific  competition  and  natural  selection,  Smith 
concluded  "...  that  ecosystems  emerge  as  products 
of  the  evolution  . . . !anc]  , . . These-  sarnr  selective 

forces  operating  through  connected  systems  of  species, 


exert  consistent  and  predictable  effects  upon  the 
evolution  of  assemblages.  These  are  . . . systems 

constraints.  Learning  about  them  will  be  a basic 
contribution  to  ecosystem  science."  Smith  argued  that 

although  the  species  is  the  ur.it  for  study,  each  species 

« 

in  a community  affects  other  species.  "Lot  only  dees 


each  species  achieve  balance,  but  they  do  so  at  the 
same  time  in  the  same  systems.  Through  the  food  web, 
and  through  competition  for  other  resources,  one  species 
gain  is  often  another  species’  loss."  "The  basic  re- 
quirement of  existence  for  each  species  is  a general 
balance  of  inputs  and  outputs.  . . . The  array  of 
adaptations  affecting  inputs  and  outputs  is  potentially 
very  large  . . . [and|  . . . will  usually  involve 
trade-offs,  improving  some  relationships  at  the  expense 
of  others.  Thus,  the  equations  of  inputs  and  outputs 
are  interconnected  ..."  The  relevance  of  the  species' 
connectivity  to  modeling  and  systems  analysis  is  the 
potential  problem  of  solving  many  simultaneous  dif- 
ferential equations.  Not  only  do  errors  in  one  place 
generate  errors  throughout  the  model,  but  because 
each  species  is  affected  by  all  others,  modeling  their 
feedbacks  is  drastically  complicated. 

Biotic  communities  are  composed  of  populations 
of  species  arrayed  in  space.  Each  community  type 
(e.g.,  stream,  pond,  lake,  forest,  grassland,  inter- 
tidal) has  unique  vertical  and  horizontal  structure. 
Structure  also  varies  within  a community  type  over 
geographical  and  ecological  space  (e.g.,  fast  mountain 
streams  vs.  slow  streams  in  lowlands).  Species  are 
generally  not  arrayed  randomly,  (if  random  it  is 
most  likely  to  be  Poisson)  but  are  dispersed  in  a 
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contiguous  (clumped)  fashion.  Smith  (1975)  stated  that 
the  struggle  to  occupy  space  is  a major  organizing 
force  in  many  ecosystems. 

Populations  are  connected  through  the  food  web. 

This  trophic  structure  is  unique  among  community  types 
and  also  varies  within  community  types  over  time  and 
space.  Although  species  often  interact  outside  the 
food  web,  trophic  interactions  are  important  for 
modeling;  they  are  the  input-output  functions.  It  is 
through  the  food  web  that  matter  cycles  (i.e.,  biogeo- 
chemical cycle)  and  energy  flows.  Smith  (1975)  argued 
that  trophic  interaction  is  also  a major  organizing 
force  within  ecosystems. 

Each  species  within  a community  occupies  a niche. 

There  is  considerable  literature  on  niche  theory  and 
niche  dynamics.  For  this  report  I equate  niche  with 
the  trophic  role  of  a species  in  its  community.  That 
is,  the  qualitative  and  quantitative  ways  it  processes 
matter  and  energy.  Niches  have  been  segregated  and 
refined  through  interspecific  (between  species)  competition. 
Niches  are  dynamic  on  three  time  scales.  First,  they 
change  according  to  life  history  changes  of  a species 
(e.g.,  larval  and  adult  stages  of  butterflies  have 
different  niches  . Second,  they  change  seasonally. 

Third,  they  change  over  evolutionary  time. 


2-16 


Thus,  the  biotic  community  can  be  envisioned  as 
a dynamic  three-dimensional  matrix  of  niches  that 
captures  and  processes  matter  and  energy.  Unlike 
physical  systems  that  process  matter  or  energy  or  both, 
the  community's  integrity  is  dependent  upon  continuous 
imput  of  matter  and  energy.  In  fact,  the  concept  of 
energy  flow  as  an  organizing  force  in  open  system 
thermodynamics  has  directly  and  indirectly  produced 
several  "unifying  concepts"  in  community-ecosystem 
ecology.  Ecologists  have  searched  for  a unified  theory 
to  account  for  geographic  variations  in  community 
structure  (principally  species  diversity)  and  biotic 
succession  (i.e.,  the  apparent  orderly  replacement  of 
one  biotic  community  by  another).  According  to  Prigogine's 
theorem,  open  systems  have  maximal  structural  order 
and  efficient  material  cycles  when  energy  input  equals 
output  fi.e.,  they  are  in  steady  state). 

Thus,  ecological  systems  should  evolve  structure 
that  comes  closest  to  equalizing  energy  input  and 
output  (i.e.,  the  cLimax  community).  Since  physico- 
chemical constraints  differ  across  space,  community 
structure  should  also  differ.  Succession  is  the  local 
process  by  which  the  cLimax  assemblage  develops  over 
ecological  time.  One  stage  outcompetes  another  until 
there  is  a persistent  community.  This  terminal  association 
should  have  the  most  comp  Lex  and  stable  structure, 
and  most  efficient  biogeochemical  cycles  because  it 


is  closest  to  the  steady  state.  Extending  Smith's 
(1975)  arguments,  the  internal  development  of  this 
organization  is  through  competitive  trophic  and 
spatial  interactions  (i.e.,  reciprocal  or  co- 
evolution) among  species.  That  is,  neo-Darwinian  pro- 
cesses of  adaptation  and  natural  selection  function 
in  ecosystem  evolution.  The  process  is  Markovian, 
each  change  constrains  the  set  of  next  possible 
changes . 


Observations  that  climax  communities  persist 
through  time  with  apparently  greater  stability  than 
earlier  successional  stages  and  that  some  forms  of 
diversity  (usually  species)  increase  with  succession 
have  led  to  the  diversity-stability  hypothesis.  This 
states  that  diverse  systems  are  more  stable  than 
less  diverse  ones.  This  idea  haj  persisted  in 
ecology  for  some  time  and  is  a basis  for  laypersons 
to  conceive  of  diverse  systems  as  being  more  desirable 
than  les3  diverse  systems.  Most  guidelines  for  environ- 
mental impact  statements,  assessments  and  analyses 
require  evaluation  of  ecosystems  in  terms  of  species 
diversity.  However,  the  relations  between  diversity 
and  attributes  of  persistence,  stability,  predictability, 
steady  state  energy  flow,  ecological  efficiences, 
biogeochemical  cycles,  productivity,  etc.  are  unclear. 
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Consider  stability.  May  (1973)  developed  mathe- 
matical models  of  systems  that  suggest  increased  diversity 
is  accomplished  by  increased  dynamic  fragility.  Odum 
(1975)  hypothesized 


" . . . that  too  much  diversity  can  be  destabilizing 
as  well  as  too  little.  . . [and]  . . . that 
optimum  diversity  is  a function  of  the  quality 
and  quantity  of  energy  flow.  Low  diversity  may 
be  optimum  in  ecosystems  strongly  subsidized  by 
high  quality  auxiliary  energy  flows  and/or  by 
large  nutrient  inputs,  while  a higher  diversity 
mav  be  optimum  in  ecosystems  limited  by  the  quality 
of  energy  input  and/or  dependent  on  internal 
nutrient  recycling.  Any  positive  correlation 
between  diversity  and  stability  is,  therefore, 
a secondary  rather  than  a primary  relationship. 

Which  is  to  say  that  quite  stable  systems  in  terms 
either  of  persistence  in  time  or  in  terms  of  re- 
sistance to  perturbation  can  have  either  a low 
or  a high  diversity,  depending  on  the  energy 
forcing  function." 


He  based  the  above  hypothesis  on  150  censuses  of 
major  trophic  and  taxonomic  components  which  have 
important*,  roles  in  ecosystems  representing  a wide 
variety  of  natural,  seminatural,  managed  and  cultivated 
types.  He  used  species  diversity  as  measured  by  the 
reciprocal  Simpson  Index  where  Pi  is  the  probability 

1 - Z (Pi)  2 ' 


for  each  species  in  terms  of  the  ratio  of  its  importance 
to  the  total  of  importance  values.  He  used  numbers 
as  the  basis  for  importance  where  individual  sizes 
were  comparable,  but  biomass  or  productivity  where 

v 

sizes  varied  widely.  The  index  scales  diversity  from 


0-1,  where  0 is  the  lowest  and  1 is  the  maximum. 

The  frequency  distribution  of  the  diversity  index 
values  was  bimodal,  low  (0.05-0.2)  in  one  group  and 
higher  (0.7-0.85)  in  another.  There  were  relatively 
few  ecosystems  with  intermediate  diversities  (ca.  0.5) 
and  no  case  where  there  were  large  numbers  of  species 
with  similar  importance  (i.e.,  producing  index  close 
to  unity).  Low  diversity  systems  were  stressed  (i.e., 
degraded)  by  external  factors  such  as  inputs  to  pol- 
luted aquatic  systems,  or  were  agriculturally  managed 
croplands  and  forests.  Systems  receiving  large  high 
quality  and  predictable  energy  subsidies  and  nutrients 
(e.g.,  tidal  marshes)  also  showed  low  diversity.  High 
diversity  was  observed  in  ecosystems  powered  principally 
by  sunlight  (a  low  quality  energy  source  relative 
to  its  utilization  efficiency),  such  as  grasslands, 
upland  forests,  lakes  in  stable  or  nutrient-poor 
watersheds . 

Odum  stated  that 


"The  strategy  of  nature  is  to  diversity 
but  not  to  the  extent  of  reducing  energetic 
efficiency  . . . the  quality  of  energy  in  terms 
of  utility  and  low  entropy  is  as  imoortant 
as  the  quantity  . . . the  optimum  diversity  is 
determined  by  both  the  kind  and  the  level  of  energy 
input.  When  one  or  a few  sources  of  high  utility 
energy  coupled  with  pumped-in  growth-promoting 
substances  are  available  in  excess  of  maintenance 
needs,  low  diversity  has  its  advantages;  a con- 
centrated and  specialized  structure  is  more  efficient 
ir\  exploiting  the  bonanza  than  is  a dispersed 
structure.  it  is  perhaps  under  such  conditions 
that  high  diversity  is  destabilizing  (i.e.. 


undesirable)  as  May's  (1973)  theoretical  models 
show.  High  energy,  low  diversity  systems  can 
be  quite  stable  both  time-wise  and  in  terms  of 
resistance  to  perturbation  if  the  input  subsidies 
are  regular  or  continual  at  the  same  level  over 
long  periods  of  time  ....  Under  such  conditions 
a low  diversity  of  the  order  of  0.1-0. 2 is  optimum. 
But  . . . such  systems  will  tend  to  'boom  or  bust' 
when  the  subsidies  fluctuate  irregularly  where 
energy  is  limiting  or  of  low  . . . then  a higher 
diversity  of  order  of  0.7-0. 8 appears  to  be  optimum 
for  the  performance  of  the  steady  state." 


Odum  also  pointed  out  that  high  diversity 
characterizes  ecosystems  in  very  stable  physical  environ- 
ments (e.g.,  some  ocean  bottoms,  wet  tropics).  This 
supports  the  stability-time  hypothesis  which  states 
that  diversity  should  be  highest  in  regions  that  have 
been  stable  for  the  longest  time.  The  stability-time 
hypothesis  essentially  articulates  the  other  view  of 
diversity-stability  relations.  That  is,  diversity  does 
not  precede  or  cause  stability  first;  stable  environments 
permit  development  of  diverse  communities.  They,  in 
turn,  may  become  more  stable  internally,  resisting 
invasion  by  exotic  species,  disease  epidemics,  violent 
population  fluctuations,  etc. 


On  the  base  of  his  data,  Odum  urged  caution  in 
using  diversity  as  an  index  to  pollution  or  other  human 
effects  on  ecosystems;  and  stated  "If  the  impacted  system 
has  high  diversity,  then  most  stresses  will  certainly 
lower  the  diversity.  But  if  the  system  has  a low 
diversify  to  begin  with,  then  a man-made  perturbation, 
may  actually  increase  diversify  ratios." 
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Odum's  data  essentially  accord  with  Smith's  (1975) 
contention  that  trophic  interaction  is  a major  organizing 
force  in  ecosystems.  The  matrix  of  niches  appears  to 
develop  as  a function  of  energy  and  matter  forcing 
functions.  Thus,  ecosystem  structure  as  increased 
by  diversity  must  be  considered  in  the  context  of  the 
set  of  forcing  functions. 

I have  used  diversity  and  stability  without  clearly 
defining  them  or  discussing  how  to  measure  them. 

However,  before  doing  so,  I wish  to  conclude  the 
diversity-stability  argument  with  excerpts  from  Goodman's 
(1975)  fine  treatment  of  the  subject 


"About  twenty  years  ago,  the  belief,  traditional 
among  ecologists,  that  complex  natural  communities 
are  more  stable  than  simple  ones  was  given  formal 
expression  in  a way  that  seemed  to  offer  promise 
of  both  precise  empirical  tests  and  further  theoret- 
ical development.  The  elaboration  of  theoretical 
models  at  first  yielded  gratifying  results  sug- 
gesting reasons  why  complex  ecological  systems 
should  indeed  be  more  stable,  but  these  models 
suffered  from  questionable  analogies  and  the  use 
of  peculiar  and  unrealistic  mathematical  repre- 
sentations. The  broad  scope  of  the  diversity- 
stability  hypothesis,  and  its  particular  implications, 
elevated  it  to  a position  of  importance  in 
practical  debates  concerning  resource  management, 
pest  control,  and  preservation  of  natural  areas. 
Observational  confirmation  of  the  diversity- 
stability  hypothesis  never  materialized  . . . 

The  social  imp  ications  of  the  failure  of 
diversity-stability  theory  involve  both  straight- 
forward practical  concerns  and  more  subtle 
problems  of  conservationist  ideology. 

The  diversity-stability  hypothesis  has  been 
trotted  out  time  and  time  again  as  an  argument 
fof  various  preservationist  and  environmentalist 
policies.  It  has  seemed  to  offer  an  easy  way 
to  refute  the  charge  that  these  policies 
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represent  nothing  more  than  the  subjective 
preferences  of  some  minority  constituencies. 

The  burden  of  evidence  subsumed  in  this  review 
indicates  that  this  particular  defense  will  not 
be  possible  much  longer,  since  continued  scien- 
tific support  for  an  untenable  theory  would  be- 
come an  embarrassment  to  that  spirit  of  detached 
empirical  sobriety  which  so  often  is  held  up  as 
an  ideal  of  scientific  comportment.  From  a 
practical  standpoint,  the  diversity-stability 
hypothesis  is  not  really  necessary;  even  if  the 
hypothesis  is  completely  false  it  remains 
logically  possible  - and,  on  the  best  available 
evidence,  very  likely  - that  disruption  of  the 
patterns  of  evolved  interaction  in  natural  com- 
munities will  have  untoward,  and  occasionally 
catastrophic,  consequences.  In  other  words, 
although  the  hypothesis  may  be  false,  the  poli- 
cies it  promotes  are  prudent.  The  troubling 
questions  for  the  moment  are  how  effectively 
these  policies  will  be  defended  with  scientifically 
more  acceptable  arguments,  and  how  smoothly 
this  transition  can  occur. 


The  diversity-stability  hypothesis  may  have 
caught  the  lay  conservationists'  fancy,  not  for 
the  allure  of  its  scientific  embellishments,  but 
for  the  more  basic  appeal  of  its  underlying 
metaphor.  It  is  the  sort  of  thing  that  people 
like,  and  want,  to  believe.  Thus,  though  better 
theories  supplant  it  in  scientific  usage,  we  may 
be  certain  that  the  "hypothesis"  will  persist  for 
a while  as  an  element  of  folk-science.  Eventually 
that  remnant,  too,  may  vanish  in  light  of  discor- 
dant facts,  and  the  essential  imagery  of  this 
once-scieritif ic  hypothesis  will  recede  to  a re- 
vered position  in  the  popular  environmental  ethic, 
where  it  doubtless  will  do  much  good." 


Diversity  can  take  two  major  forms  .ir  ecosystems 


patial  heterogeneity  (e.g.,  horizontal  and  vertical 


complexity  of  the  physical  environment,  biotic  structure 


diversity.  Although  the  former  has  direct  and  indi  ect 


on  population  dynamics  (e.g 


u 


may  influence  species  diversity  (e.g,,  more  bird  species 
’ are  found  in  woodlots  with  high  foliage-height  diversity 
than  in  those  with  less) , species  diversity  is  the  more 
frequently  used  to  measure  community-ecosystem  complexity. 
Because  species  represent  niches  (recall  that  one  species' 
niche  may  change  seasonally  and  according  to  the  life 
history  stage  so  that  one  species  actually  represents 
a "niche  spectrum") , species  diversity  is  a first  approxi- 
mation of,  say,  trophic  diversity  (i.e.,  diversity  of 
matter  and  energy  channels) . 
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Species  diversity  has  two  major  components,  variety 
or  richness  and  evenness  or  equi tabili ty . Richness 
has  to  do  with  the  number  of  different  species  (S) 
that  exist  in  a community,  and  evenness  is  a function 
of  how  the  total  number  of  individuals  (N)  is  dis- 
tributed among  S species.  Thus,  maximum  diversity 

t' 

for  a 10  S community  with  1000  N would  be  when  each  S 
has  100  N.  Number  of  individuals  per  species  essentially 
represents  a numerical  importance  value  (Ni/N)  for 
the  .i.th  species  (S.)  . Use  of  numbers  may  be  suitable 
for  a set  of  species  that  are  of  similar  sizes  and 
physiologies.  Other  variables  such  as  biomass,  bio- 
content (caloric  equivalent  of  biomass),  productivity 
(grams  or  calories  produced  by  species  per  unit  time), 
energy  flow  (production  + respiration  per  unit  time) , 
etc.  can  be  used. 


2-23 


Extreme  care  must  be  used  in  selecting  the  variable 
and  set  of  species  for  diversity  measurements  and  in 
deciding  what  the  diversity  index  measures  beyond  the 
obvious  "importance"  of  each  species  relative  to  numbers, 
biomass  or  some  process.  if  it  is  to  reflect  the 
possible  number  and  relative  importance  of,  say,  energy 
flow  channels  or  intertrophic  connectivities,  then 
species  must  be  grouped  according  to  their  trophic 
level (s).  Since  many  species  feed  in  more  than  one 
level  on  a daily  or  seasonal  basis  or  both,  this  be- 
comes complicated.  This  difficulty  faces  the  modeler 
when  attempting  to  construct  equivalence  input-output 
classes  for  compartmental  models  of  ecosystems. 


Before  discussing  diversity  in  terms  of  trophic 
connectivities,  I wish  to  list  the  most  frequently 
used  indices.  I will  not  comment  on  their  relative 
merits  beyond  saying  that  the  optimal  index  should 
be  reasonably . i ndependent  of  sample  size  and  measure 
both  components  of  diversity.  Shannon-Weaver  and 
Simpson's  indices  are  the  most  frequently  used  and 


satisfy  the  requirements  os  wqll  as  any  others.  It 
should  be  kept  in  mind  that  the.1  biological  relevance, 
if  any,  of  the  index  depends  up'on  what  ecosystem 
attribute  is  being  used. 
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Simpsor.  ' s Index  is 


D = 1 


r Wj  (Nj  - 1) 
j = 1 N(N  - 1) 


where  Nj  - number  (or  biomass,  etc.)  of  individuals 
in  the  j species  and  N * total  number  of  individuals 
in  the  collection  of  S species. 


Index  of  dominance  (variation  of  number  2)  is 


C = E (nj/N) 

j-1 


where  nj  = importance  value  (e.g.,  numbers,  biomass) 
of  the  i^  species  and  N = total  of  importance  values 


Index  of  Similarity  between  two  communities 


S = 


A + B 


where  A = number  of  species  in  community  or  a sample 
one,  B = number  in  two  and  C = number  common  to  both. 


Index  of  Dissimilarity 


D = 1 - S 


Varietal  or  richness  indices 


D = S = number  of  species  only 


D = S / 1000  N 
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(S  - 1)  / log  N 


D * S /Vn 


where  N = total  number  of  individuals  in  S species 


Indices  based  on  the  Information  Theory 


I = log2  S 


, (n  - in 

ug2  (N  - S ) ! ( S - l)"i 


I = log2  N! 


1 , N 

N og2  N.  !N  "T  . . N ! 

12  S 


I = log2  (N1n) 


N (]og2  N - 1) 


S 

E Pi  log„  Pi 
i-1  ^ 


where  I = information  (diversity)  in  bits.  Number 

10  gives  I . , based  simoly  on'  the  number  of  species. 

Number  11  gives  information  content  (diversity)  of 

knowing  how  N is  distributed  among  S,  Number  12  is 

Brillouin's  index  and  gives  total  I , based  on  knowinq 

max 

where  each  individual  is  located  in  space.  Number 

13  gives  I per  individual.  Numbers  14  and  15  use 
max  r 
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Stirling's  approximation  (log2N!  = N(log2  N - 1)  of 
Rrillouin's  Index.  Number  16  is  the  most  frequently 
used  index  based  on  the  Information  Theory.  It  was 
recently  discuss«4^Jhy^Mulholland  (1975)  and  Goodman 
(1975) , who  presented  constrasting  views  as  to  its 
usefulness.  The  relative  importance  of  each  species 
is  Pi . 

Evenness  Index 


J = H / H 


max 


(17) 


where  H = log0S  (i.e.,  when  each  S has  an  equal 
max  2 ^ 

number  (or  biomass,  etc.)  of  individuals. 


Redundancy  Index 

b = H / H (18) 

Mulholland  (1975)  stated  that  "Diversity  and 
the  comp! exity  'Of  food  web  structure,  or  connectivity, 
are  central  to  the  discussion  of  ecological  stability 
and  choice."  Instead  of  simply  using  species  diversity 
measured  by  numbers,  biomass,  biocontent,  etc.,  he 
suggested  that  we  "consider  a definition  of  diversity 
as  the  effective  number  of  choices  between  equally 
likely  alternatives  for  the  flow  of  energy  through 
the  ecosystem."  Mulholland  demonstrated  that 
"the  complexity  of  the  food  web  structure,  and  hence 
the  ecological  stability,  can  be  altered  by  changing 
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the  initial  flow  vector."  I f-r.d  the  basic  concept, 
which  predates  Mulholland's  paper  (e.g.,  Odum  1953  ? 
MacArthur  1955;  Margalef  1963),  intuitively  pleasing 
and  compatible  with  Odum's  (1975)  hypothesis  and 
Smith's  (1975)  contention  that  energy-nutrient  drives 
and  trophic  interaction  organize  communities.  However, 
Mulhoiland  pointed  out  that  "In  order  to  be  of  practical 
use  as  a tool  for  ecosystem  analysis,  the  stab  lit}' 
index  . . . must  be  tested  in  real  world  situations. 

It  must  also  be  evaluated  relative  to  other  proposed 
measures  of  ecological  stability.  And,  with  respect 
to  theoretical  studies,  it  must  be  investigated  as  a 
possible  connection  between  the  concept  of  ecological 
stability  and  the  formal  raathemati cal  stability  definition. 
Such  an  evaluation  will  be  difficult,  requiring  con- 
siderable effort.  Orians  (1975)  stated  that 


"Unfortunately  it  will  be  difficult  to  establish 
causal  relationships  between  stability  and  diversity 
because  v/e  must  measure  one  or  more  concepts  of 
stability  in  ecological  systems  differing 
or.lv  in  some  measure  of  diversity.  The  easiest 
ecosystems  to  compare  cannot  provide  adequate 
proof  because  differences  in  diversity  are  usually 
associated  with  differences  in  the  physical 
environment  and  other  complicating  factors.  Pather 
than  demonstrating  greater  stability  in  species- 
rich  systems  we  may  only  be  showing  that  species 
are  more  vulnerable  to  disturbances  in  marginal 
environments,  or  that  environmental  constancy 
facilitates  diversity  while  reducing  perturbations 
that  might  affect  stability.  In  fact,  we  are  con- 
fronted with  the  apparent  paradox  that  stability 
in  natural  ecosystems  seems  to  be  associated  with 
diversity  whereas  increasing  the  diversity  of  a 
variety  of  mooel  ecosystems  tends  to  reduce 
r&ther  than  enhance:  their  stability  (Kay,  1973). 


I 

I 
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Another  attractive  option,  the  perturbation 
experiment,  also  confronts  serious  interpretational 
problems  because  the  species  in  ecosystems  are 
coevolved  and  removal  or  addition  of  one  or  more 
of  the  species  not  only  changes  the  diversity 
of  the  system  but  many  of  the  interaction  parameters 
as  well.  Which  of  the  changes  should  be  attributed 
to  differences  in  diversities  and  which  should 
be  attributed  to  changed  interactive  patterns 
is  difficult  to  determine.  If  the  species  are 
allowed  to  adjust  e volutionarily  to  the  new 
association  patterns,  the  final  stabilities  may 
be  very  different  from  the  ones  observed  immediately 
after  the  perturbation. 

Theoretical  developments  face  similar  problems. 
Most  /'ormal  analyses  of  concepts  of  stability  are 
baser  on  non-linear  population  equations.  Given 
a sy:  tern  of  these  equations,  equilibrium  populations 
< re  determined  by  setting  all  growth  rates  equal 
to  zero  and  then  analyzing  the  effects  of  perturbations 
around  the  equilibrium.  A common  bond  is  the  use 
of  an  m x m matrix,  referred  to  as  the  interaction 
matrix,  each  element  of  which  describes  the  effect 
of  species  j on  species  i near  equilibrium, 

Analysis  of  an  interaction  matrix  reveals  whether 
or  not  the  system  is  stable,  i.e.,  if  it  returns 
to  its  original  state  after  a perturbation,  and  the 
speed  of  return  which  can  be  estimated  from  the 
values  of  the  elements.  Most  theoretical  studies 
have  focussed  on  local  stability  under  deterministic 
environments  and  small  perturbations.  It  is, 
however,  also  possible  to  construct  matrices  whose 
elements  are  random  variables  and  to  analyze 
responses  to  stronger  perturbations  (May  1973) , 
or  to  considerable  qualitative  matrices  in  which 
only  the  signs  of  the  interactions  are  known 
and  not  those  values." 


Mulholland  used  ",  . .a  piecewise  linear,  donor- 
controlled  compartment  type  system  [model]"  developed 
for  an  International  Biological  Program  (grassland 
biome  study,  Patten  1972)  for  a stability  analysis. 
Although  only  a first  approximation  of  this  approach, 

I believe  it  demonstrated  enough  value  for  workers  to 
pursue  it.  However,  T suggest  that  simultaneous 
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examination  c i other,  more  easily  measured,  diversity 
parameters  (e.g.,  species  diversity)  be  taken.  Thus, 
if  there  is  high  correlation  between  Mulholland's 
p.  thwav  choice  index  and  a more  easily  obtained  attribute, 
the  latter  could  be  used. 


Also,  as  pointed  out  by  Mulholland 


"The  diversity  of  throughput  [=  compartment 
content,  say  in  calories  x turnover]  does  not 
completely  characterize  the  choice  of  pathways 
for  energy  flow  and,  as  has  been  demonstrated 
experimentally  ...  it  cannot  be  used  exclusively 
as  a measure  of  stability.  The  choice  of  path .ays 
for  energy  flow,  and  hence  the  ecological  stability, 
depends  not  only  on  the  diversity  of  throughput 
but  also  on  the  complexity  of  the  food  web  structure. 
Complexity  of  the  food  web  structure,  or  connectivity, 
refers  to  the  degree  and  patterns  of  component 
interdependence  in  an  ecosystem.  Maximum  complexity 
occurs  when  every  compartment  derives  energy  from 
every  other  compartment  in  equal  amounts.  A 
[linear]  food  chain  represents  minimum  complexity 
or  connectivity." 


I believe  that  the  maximum  complexity  is  as  Mulholland 
stated,  but  do  not  believe  that  there  is  any  reason 
to  believe  a priori  that  this  evenness  should  evolve 
in  all  climax  communities.  The  number  of  throughput 
channels  and  their  relative  importance  should  be  a 
function,  as  Odum  (1975)  argued,  of  the  quality  and 
quantity  of  the  forcing  functions.  Considerable  basic 
research  is  needed  on  the  dynamics  of  food  web  complexity 
and  their  relations  to  inputs  (i.e.,  their  quantity, 
quality,  and  predictability).  This  research  is  essential 
to  devel'oping  stream  models  (e.g.,  WO  AM)  . However, 
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because  Mulhcl land's  approach  has  merit,  can  be  used 
to* describe  ecosystem  diversity  in  another  way  and 
enables  discussion  of  the  Shannon-Weaver  equation, 

I will  present  his  model  before  going  into  what  is 
meant  by  stability. 


Mulholland  used  a compartment  model  (shown 
below;  his  Fig.  1)  onnected  by  energy  flow  channels 
to  demonstrate  his  idea. 


0, 


On 


<i 


The  compartments  (i.e.,  populations  of  species 
in  different  trophic  levels;  again  recall  that 
occupancy  of  trophic  positions  by  a species  is  time 
varying,  something  not  considered  by  Mulholland,  but 
must  be  in  future  work),  x^,  >:0,  . . . xn,  are 
shown  at  two  times  t^  and  t2-  The  percentage  of 
total  energy  flow  through  the  system  at  t^, 


: 
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passing  through  x^  = Ct  and  F . = percentage  of  total 
energy  throughput  at  t^  passing  through  x ^ . The  per- 
centage of  total  energy  flow  through  x^  that  passes 

to  x.  between  t,  and  t^  = f. ..  The  relations  among 
g 1 2 lg 

these  variables  are  described  by 


N 

Pj  = Z fij  Qi 
i=l 


(19) 


At  t^,  without  any  structural  food  web  information, 
the  energy  throughput  diversity  is 

N 

D = - Z Q.  log  Q.  (20) 

i=l  1 1 

This  is  the  uncertainty  of  how  energy  from  given  sources 
is  apportioned  among  n compartments.  If  log^  is  used 
the  uncertainty  can  be  thought  of  as  the  number  of  bits 
of  information  (i.e.,  number  of  ves-no  questions  that 
must  be  asked)  necessary  to  determine  with  unit 
probability  where  the  next  unit  of  energy  passing  into 
came  from.  Clearly,  the  maximum  information  is 
required  where  there  is  equal  probability  that  the  unit 
of  energy  came  from  each  source.  Mathematically  this 
is,  for  n sources,  log^  n.  The  minimum,  zero,  is  when 
there  is  only  one  source  possible. 

If  the  food  web  structure  is  known  (i.e.,  increased 
information  base) , a quantity  known  in  information 
theory  as  the  average  mutual  information,  I,  can  be 
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used  to  measure  the  uncertainty  resolved  by  that 
knowledae . 


N N N 

1 = E 1 fki  Qk  log  [fki  / z fi-i  QJ  (2D 

k=l  -j  = l X i=l  13  1 


The  measure  of  the  average  remaining  uncertainty  about 
energy  sources  at  t2  is  called  conditional  entropy, 

S,  and  is  calculated  as 


S = D - I 


Mulhollan  argued  that  S . .is  equivalent  to  the 
effective  choice  of  pathways  for  energy  flow.  Thus, 
a measure  of  the  remaining  uncertainty  . . . [and] 

. . . a measure  of  effective  choice,  and  hence  a use- 
ful index  of  stability.  It  is  also  clear  that  the 
complexity  of  the  food  web  reflects  the  opportunities 
for  choice  of  path." 


Orians  (1975)  listed  seven  meanings  for  stability. 
He  pointed  out  that  the  terms  were  not  intended  as 
a classification  system.  These  terms  are: 


1.  Constancy  - a lack  of  change  in  some  parameter 
of  a system  . . . 


2.  Persistence  - the  survival  time  of  a system 
or  some  component  of  it. 


3.  ' Inertia  - the  ability  of  a system  to  resist 
external  perturbations. 
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4.  Elasticity  - the  speed  with  which  the  system 
' returns  to  its  former  state  following  a 

perturbation . 

5.  Amplititude  - the  area  over  which  a system 
is  stable  (also  known  as  global  stability; 
the  distance  it  can  be  displaced  and  still 
return) . 

6.  Cyclic  stability  - the  property  of  a system 
to  cycle  or  oscillate  around  some  central 
point  or  zone. 

7.  Trajectory  stability  - the  property  of  a 
system  to  move  towards  some  final  end  point 
or  zone  despite  differences  in  starting 
points . 

Stability  oi  a system  must  be  considered  in  terms 
of  its  environment.  Ecosystems  have  evolved  various 
mechanisms  of  stability  relative  to  the  sresses  their 
species  have  encountered  over  evolutionary  time.  Thus, 
we  should  not  expect  stability  when  new  forces  are  applied 
to  our  ecosystem  (e.g.,  pollution). 

1 will  conclude  the  comments  on  stability  (Table 
1;  Orians  1975)  of  environmental  factors  and  species 
characteristics  that  appear  to  increase  stability. 
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B.  Inertia 

1.  Environmental  heterogeneity  in  space  and 
time 

2.  Greater  phenotypic  diversity  of  prey 

3.  Multiplicity  of  energy  pathways 

4.  Intraspecific  variability  of  prey 

5.  High  mean  longevity  of  individuals  of 
component  species  (Frank,  1968) 

C.  , Plasticity 

1.  High  density-dependence  in  birth  rate' 

2.  Short  life  cycles  of  component  species 

3.  Capacity  for  high  dispersal 

4.  Strong  migratory  tendencies 

5.  Generalized  foraging  patterns 

D.  /unplitude 

1.  Weak  density-dependence  in  birth  rates 

2.  Intraspecific  variability  of  component 
species 

3.  Capacity  for  long-distance  dispersal 
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4.  Broad  physical  tolerances 

5.  Generalized  harvesting  capabilities 

6.  Defense  against  predators  not  dependent 
on  a narrow  range  of  hiding  places 

E.  Cyclic  Stability 

1.  High  resource-utilization  thresholds 

2.  Long  lag  times  in  response  of  species  to 
changes  in  resource  availability 

3.  Heterogeneity  of  environment  in  space  and 
time 

F.  Trajectory  Stability 

1.  Strong  organism-induced  modifications  of 
the  physical  environment 

2.  All  factors  increasing  elasticity. 

Even  the  simplest  communities  and  ecosystems  are 
extremely  complex  in  structure  and  behavior.  Structural 
and  behavioral  attributes  are  also  time  varying.  Thus, 
complexity  has  both  spatial  and  chronological  com- 
ponents. Modern  ecology  is  actively  addressing 
functional  attributes  of  ecosystems,  but  in  most  instances, 
our  knowledge  of  structure  is  inadequate  to  support 
development  of  testable  theories  relating  to  function 
and  structure.  There  are  numerous  concepts,  but 
relatively  few  falsi fiable  theories  at  the  community- 
ecosystem  levels.  Development  of  these  theories  and 
testing  them  are  essential  prerequisites  for  development 


of  appropriate  lane  planning  and  resource  rranaaemen 


ve  computer 


WQAM) 


We  must  have  time-varying  baseline  data  on  structure 


unaer  the  time 


varying  regime  of  their  forcing  functions.  The  quantity 


quality,  and  predictability  of  the  inputs  under  which 


the  systems  have  evolved  must  be  studied  simultaneously 


with  the  structure  and  benavior.  Such  studies  should 


chemistry,  physics,  hydrology 


meteorology,  geology) 
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DYNAMIC  RESPONSES  OF  AIRCRAFT  SHELTERS 


Fang-Hui  Chou 


ABSTRACT 


The  dynamic  response  of  aircraft  shelters  subjected  to 
airblast  is  studied.  The  structural  system  of  the  shelter 
consists  of  a doubly  corrugated,,  semi-cylindrical  steel 
shell,  covered  with  eighteen  inches  of  concrete.  The  shel- 
ter is  100  feet  long  with  a reinforced  concrete  door  at  one 
end  and  an  armor  steel  door  recessed  50  feet  from  the  open 
end.  The  armor  steel  door  is  connected  to  a reinforced  con 
Crete  frame  inside  the  shelter. 


A two-hinged  arch  representing  a typical  shelter  ele- 
ment in  the  longitudinal  direction  was  analyzed  by  the  finite 
element  method.  Time  varying  functions  representing  the 
dynamic  pressure  of  an  airblast  from  a high  explosive  detona- 
tion was  applied.  The  SAP  IV  computer  program  was  used  in 
computing  the  dynamic  responses  of  the  arch.*  Response  time- 
history  for  both  displacement  components  and  stress  components 
at  various  points  were  obtained. 

The  analysis  was  then  extended  to  a two-dimensional 
approach.  The  entire  shelter  -.as  treated  as  a semi-circular 
cylindrical  shell  supported  by  the  hinge  base,  the  end  wall, 
and  the  concrete  frame  where  the  armor  door  was  located.  The 
shelter,  with  the  doubly  corrugated  steel  shell  at  its'  inner 
face,  was  transformed  into  a shell  of  uniform  thickness  but 
anisotropic  in  nature.  The  equivalent  thickness  and  the 
elastic  constants  were  so  chosen  that  they  can  best  represent 
the  bending  stiffness  of  the  shelter  in  both  circumferential 
and  longitudinal  directions.  Dynamic  responses  of  this  model 
shell  due  to  airblast  were  investigated  by  the  method  of 
modal  superposition.  Numerical  results  of  both  the  arch  and 
shell  analyses  are  compared  and  discussed. 
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1.  INTRODUCTION 


1.1.  Background: 

TI\ i s report  documents  the  results  of  a 10-week  study 
(Summer  Faculty  Research  Program)  on  the  dynamic  response 
of  aircraft  shelters  subjected  to  airblast.  The  research 
was  conducted  at  the  Air  Force  Civil  engineering  Center 
(AFCEC)  at  Tyndall  AFB,  Florida. 

Investigation  of  structural  behaviors  of  aircraft 
shelters  has  been  a continuing  effort  of  the  Air  Force  Wea- 
pons Laboratory  (Ref.  1,  2,  and  3).  Results  of  full  scale 
tests  of  the  moment-rotation  relations  and  other  structural 
behaviors  of  concrete  covered  corrugated  arch  panels  were 
presented  in  Ref.  1 and  Ref.  2.  Ref.  3 presents  the  test 
results  of  dynamic  pressure,  structural  deformation  and 
damage  of  several  aircraft  shelters  subjected  to  an  air- 
blast.  Analytical  Studies  of  gross  structure  behaviors  of 
aircraft  shelters  under  blast  load,  however,  have  not 
been  made.  Methods  of  analyzing  various  types  of  protective 
structures  under  blast  loads  can  be  found  in  Refs  (4)  (5) 
and  (6) . 

1 . 2 Ob j cct ives 

The  present  study  is  intended  to  achieve  two  objectives: 

1.  To  establish  a reasonable  structural  model  of  the 
aircraft  shelter  for  computerized  analysis. 

2.  To  determine  the  blast  load  the  aircraft  shelter 
can  resist  within  its  clastic  limit. 


1.3  Approaches 

The  structural  system  of  t lie  aircraft  shelters  under 
consideration  consists  of  a doubly  corrugated  steel  she! 1 
covered  with  18  inches  of  concrete.  The  mean  radius  of 
the  semicircular  shell  is  25  feet.  The  shelter  is  100  feet 
long  with  a reinforced  concrete  wall  at  one  end  and  an  armor 
steel  door  recessed  30  feet  from  the  open  end.  The  armor 
steel  door  is  connected  to  a reinforced  concrete  frame  known 
as  the  door  support  collar.  A general  overview  of  the  air- 
craft shelter  is  shown  in  Fig.  1. 

The  analysis  presented  in  this  report  is  based  on  the 
finite  clement  method.  Two  types  of  structural  models  arc 
considered.  One,  a two  hinge  arch  with  beam  elements,  and 
the  other,  a semi-cylindrical  shell  composed  of  thin  shell 
elements.  The  SAP  IV  computer  program  is  used  in  computing 
the  dynamic  responses  of  both  structural  models. 
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2.  ARCH  ANALYSIS 

2.1  Cross-section  Properties 

A two-hinged  arch  representing  a typical  shelter  ele- 
ment in  the  longitudinal  direction  was  considered.  Its' 
cross-section  and  reinforcement  were  shown  in  figure  2. 
Preliminary  tests  have  shown  that  the  corrugated  steel  has 
very  low  equivalent  modulus  of  elasticity  under  uniaxial 
stress.  Therefore,  it  is  not  justified  to  consider  the 
steel  liner  as  the  reinforcement  of  the  concrete  cross- 
section.  From  a reinforced  concrete  design  point  of  view, 
the  cross-section  has  an  extremely  low  steel  ratio.  In 
view  of  these  facts  and  the  fact  that  only  elastic  analysis 
will  be  made,  the  tensile  capacity  of  the  concrete  will  be 
considered.  The  section  properties  indicated  in  figure  2 
are  those  of  the  gross  cross-section  neglecting  the  effect 
of  the  corrugated  steel.  The  minimum  concrete  strength 
f 1 c is  specified  to  be  4,300  psi. 

2.2  Finite  F.lement  Model 

The  arch  is  subdivided  into  sixteen  beam  elements  each 
having  the  same  cross-section  properties  as  the  arch.  The 
numbering  system  for  the  elements  and  the  modal  points  are 
shown  in  figure  3.  A typical  beam  clement  and  the  positive 
directions  of  forces  and  moments  acting  on  the  element  are 
shown  in  figure  4.  Several  comparitivc  computations  using 
the  SAP  IV  computer  program  and  exact  solutions  indicate 
that  the  required  accuracy  can  be  achieved  by  the  sixteen 
clement  model.  The  results  of  these  computations  arc  sum- 
marized as  follows: 

Case  I.  A uniform  radial  pressure  of  7 psi. 

SAP  IV  results  show  a uniform  axial  force  of  51  kips 
whereas  shear  force  and  bending  moment  are  of  much  smaller 
order.  This  is  in  agreement  with  the  exact  solution. 

Case  II.  A uniform  radial  pressure  of  7 psi  from  point  1 
to  point  9 and  a uniform  radial  suction  of  7 psi  from  point 
9 to  point  17. 

SAP  IV  Results  lixact  Solution 

Moment  at  point  5 535.8  ft-kip.  531.6  ft-kip 

9 1.7  ft-kip  0 


I 

f 

f ! 
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Case  III.  Frequencies  of  Fre°  Vibration 


SAP  IV  Ref.  4 Results 

Period  of  1st  Mode  0.223  sec.  0.225  sec. 

2nd  Mode  0.074  sec.  0.074  sec. 

3rd  Mode  0.037  sec.  0.037  sec. 

4th  Mode  0.023  sec.  0.023  sec. 

It  was  also  found  that  inclusion  of  shear  deformation 
in  these  calculations  would  not  result  in  appreciable  dif- 
ference in  either  nodal  displacements  or  important  stress  com- 
ponents . 


..  .r.  . r- 


> 3 Dynamic  Load  and  Numerical  Results 

In  the  analysis,  it  is  assumed  that  the  blast  wave  is 
propagating  in  the  direction  perpendicular  to  the  longitu- 
dinal axis  of  the  shelter.  In  establishing  the  dynamic 
pressure  acting  on  the  structure,  the  method  outlined  in 
reference  4 (chap.  7)  was  followed.  The  total  load  was 
represented  by  two  load  cases:  (1)  a uniform  radial  pres- 

sure and  (2)  an  antisymmetric  but  uniformly  distributed 
pressure.  A normalized  time  varying  function  representing 
an  airblast  of  500 7"- /wr  at  a distance  of  600  feet  was  chosen 
from  reference  3 (see  fig.  5a).  It's  equivalent  dynamic 
pressure  on  the  structure  was  shown  in  figures  5b  and  5c. 
It  should  be  noted  that,  due  to  the  extremely  short  rise 
time,  the  peak  pressure  was  assumed  to  occur  at  time  zero. 
Dynamic  responses  of  the  arch  arc  then  computed  by  the  use 
of  the  SAP  IV  computer  program.  Time  response  history  of 
several  nodes  are  shown  in  figures  6a-d.  Maximum  forces  on 
various  elements  are  listed  in  Table  1.  (See  figure  4 for 
notations  and  sign  convention). 

Table  1 Maximum  lilement  Forces 
(peak  Pressure:  7 psi) 

Load  Case  Plemcnt  F(lb)  V ( 1 b ) Mj(  in-lb) 

Number 


1 

jL 

-82280 

5 24  6 

0 

3 

-80620 

-6085 

327900 

5 

-81490 

-7296 

256400 

7 

-80430 

8653 

364600 

9 

-80090 

54  73 

-491400 

1 

-53000 

-41800 

0 

3 

-58240 

-21030 

-4180000 

5 

48580 

1 2260 

5726000 

7 

-'24  000 

33640 

4249000 

9 

7961 

41890 

49990 

11 

38940 

23320 

4246000 

13 

54  580 

-11340 

-5722000 

15 

57620 

-33290 

-4181000 

17 

-52970 

-41790 

0 

It  should  be  noted  here  that  these  maximum  forces  do  not  occur 
at  the  same  time.  Complete  time -hi story  responses  from  the 
computer  output,  however,  can  not  be  reproduced  here.  Consi- 
dering the  area  and  the  moment  of  inertia  of  the  given  cross- 
section,  it  can  easily  be  seen  that  the  bending  moment  of  Load 
Case  If  is  the  dominating  factor  for  the  purpose  of  design 
and  analysis.  Therefore,  the  maximum  tensile  stress  in  the 
arch  is  (node  5,  t = 0.096  sec.) 

ft  = 5726000x18. d = 2238  psi 
46300 
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This  exceeds  the  allowable  dynamic  tensile  stress  of  (Section 
XI,  Ref.  5) 

Ft  = 7 . 5 = 7.54/4300  = 491  psi 

For  the  purpose  of  comparison  with  the  analysis  of  the  next 
section,  the  maximum  peak  pressure  is  established  by  propor- 
tion without  changing  the  dynamic  pressure  function. 

7 491 

p XTZ T8  = 1.54  psi 


i 
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3.  SHELL  ANALYSIS 
3.1  Finite  Element  Model: 


The  test  results  of  reference  3 indicated  that  the  dis- 
placement at  various  points  of  the  shelter  vary  in  the  lon- 
gitudinal direction  as  well  as  the  circumferential  direction 
of  the  shelter.  The  analysis  is  therefore,  extended  to  a 
two  dimensional  approach.  The  entire  shelter  is  treated  as 
a semi-cylindrical  shell  supported  by  the  base,  the  end  wall 
and  the  reinforced  concrete  frame  where  tha  armor  steel  door 
is  located.  Along  the  arches  where  the  shelter  is  supported 
by  the  end  wall  and  the  concrete  frame,  respectively,  the 
displacement  and  the  rotation  about  the  axis  normal  to  the 
plane  are  restrained.  The  shelter  is  divided  into  192  ele- 
ments and  221  nodes  as  shown  in  figure  7.  In  order  to  treat 
each  element  as  a shell  element  and  to  use  the  SAP  IV  com- 
puter program  Element  No.  6,  a uniform  thickness  must  be 
assumed  for  each  element.  To  assure  bending  stiffness  in 
the  circumferential  direction,  the  equivalent  thickness  h 
must  be  such  that  the  moment  of  inertia  is  unchanged  that  is: 

13  1 3 

1 =~T2  bh  =T7~  (2/1  h ^ . with  I = 46000  in4 
h = 28.44  in. 


In  the  longitudinal  direction  where  the  depth  of  the  shelter 
varies  from  18  inches  to  34  inches  periodically,  a constant 
moment  of  inertia  Ij  which  can  best  represent  the  moment- 
rotation  character  must  be  chosen.  This  is  accomplished  by 
first,  replacing  the  curvature  of  the  cross-section  in  the 
longitudinal  direction  by  segments  of  straight  lines  (see 
figure  8),  then  determining  the  constant  moment  of  inertia 
I,  such  that  it  will  result  in  the  same  moment  rotation 
characteristic  for  a typical  element  in  the  longitudinal 
direction.  Mathematically,  it  can  be  described  as  follows: 


M jX 

FT 


dx=p 


1 1 


i ! 


I __  r Ax 

~T 


24  _ 2x(-X~ 

“i  “ 183 

I,  - 1103.  in.' 


+ 3x12 
243 

'/in 


3x12 


32 


3x12 

s/ 


Since  a equivalent  uniform  thickness  of  28.44  inches  has 
already  been  chooscn  for  the  shell  element,  an  artificial 
modulus  of  elasticity  li^  must  be  used  in  order  that  the 
moment-rotation  character  in  the  longitudinal  direction  is 


i 
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preserved : 

E11  = E1  (28.44)^/12  = 1917 

E,  = E T1  = 4x106x  1103  = 2.3xl06  psi 
1 1ITT7  TVT7 

The  procedure  outlined  above  is  necessary  for  the  numerical 
analysis.  To  compute  the  dynamic  responses  of  this  shell 
model  which  has  a uniform  thickness  but  anisotropic  elastic 
characteristics,  the  elastic  constants  in  the  following 
stress - stra in  equation  must  be  identified  in  the  computer 
program  input: 


In  the  above  equation,  x and  y are  local  coordinates  of 
the  element  in  the  circumferential  and  longitudinal  direc- 
tions respectively  (Fig, 9a).  hiement  stress  resultants  are 
shown  in  figure  9b.  Based  on  the  stress  strain  relation  of 


in  which  E = 4x10  psi,  H = 2.3x10  psi,  and  yx=0.2,  the 
following  §et  of  clastic  constants  arc  obtained; 

Cxx  = 4,094,000  psi 

Cyy  = 2,354,000  .psi 

Cxy  = 471,000  psi 

Gxy  = 1,275,000  psi 

Cxs  = Cvs  = 0 


3.2  Dynamic  Responses  and  Numerical  Results: 

Considering  the  number  of  elements  and  modes  of  the 
finite  element  model,  it  is  concluded  that  the  method  of 
modal  superposition  will  be  efficient  in  computing  the 
dynamic  responses  of  the  shelter.  A free  vibration  ana- 
lysis was  made.  The  first  six  frequencies  and  their  cor- 
responding mode  shapes  are  shown  in  figure  10  . Desirable 
accuracy  of  the  dynamic  response  of  the  shelter  should  be 
reached  by  superimposing  the  first  six  modes  of  free  vibra 
tions.  Forcing  functions  and  dynamic  pressure  used  in 
Section  2 (see  Figs.  5a,b,c)  are  then  applied  to  the  shell 
and  its  responses  are  again  calculated  by  the  use  of  SAP 
IV  computer  program.  Typical  responses  of  several  modal 
points  are  shown  in  figure  10.  Tables  2 and  3 show  the 
maximum  element  stress  resultants  at  various  locations  of 
the  model  shell . 


MAXIMUM  FLFMF.NT  STRESSES  (ABSOLUTE  VALUES) 


TABLE 


Peak  Pressure:  7 


Load  Case:  I 


Element 

Number 


lb/in)  (lb/in)  (in-lb/in)  (in-lb/in)  (in-lb/in) 


(NOTE:  NUMBERS  LESS  TUAN  ] ARE  NOT  SHOWN) 


TABLE  3 MAXIMUM  ELEMENT  STRESSES  (ABSOLUTE  VALUES) 


Peak  Pressure:  7 


Element 

Number 


23440 


14 


It  should  again  be  noted  that  these  maximum  element  stress 
resultants  do  not  occur  at  the  same  time.  Observations  of 
stress  response  output  indicate  that  Mxx  is  by  far  the  dominate 
factor  for  the  purpose  of  analysis.  Based  on  its'  maximum 
value  of  23440  in-lb.  at  element  71  (t  = 0.057  sec.),  the  maxi- 
mum tensile  stress  due  to  bending  moment  is: 

f^  = 23440x24x18.1  = 221  psi 
t 5MoO 

Based  on  an  allowable  dynamic  tensile  stress  of  491  psi,  the 
safe  peak  pressure  is  established  as: 

p = 7x  jjj-  = 15.6  psi 
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4.  DISCUSSION  AND  CONCLUSION 

In  the  single  arch  analysis,  the  dynamic  response  of  the 
structure  is  primarily  a flexural  mode  response  superimposed 
by  a breathing  mode  of  much  higher  frequency.  In  view  of  the 
existence  of  the  end  wall  and  the  door  collar,  the  shell-like 
response  in  Section  3 is  a more  reasonable  approach.  Neglecting 
the  stiffness  of  the  end  wall  and  the  concrete  door  collar  is 
far  too  conservative  an  approach.  In  the  shell  analysis  of 
Section  3,  one  could  also  consider  the  stiffness  of  the  end 
wall  and  the  door  collar  rather  than  consider  them  to  be  rigid. 
This  sophication  is  not  included  due  to  the  ten  week  time 
constraint  of  this  project.  Nevertheless,  it  is  believed  that 
the  method  outlined  and  the  numerical  values  obtained  an  Sec- 
tion 3 are  reasonable. 

5.  RECOMMENDATIONS 

Test  results  of  reference  4 (Arch  1)  also  show  the  col- 
lapse of  the  steel  door  and  the  occurance  of  large  cracks  in 
the  concrete  door  collar  when  the  shelter  is  subjected  to  blast 
waves  propagating  in  the  direction  perpendicular  to  its'  lon- 
gitudinal axis.  In  the  same  test,  however,  no  major  damage 
of  the  shelter  itself  is  observed.  This  indicates  that  the 
door  collar  and  the  armor  steel  door  could  be  the  more  critical 
elements  in  the  entire  structural  system.  Therefore,  it  is 
recommended  that  a study  on  the  dynamic  responses  of  the  door 
supporting  collar  and  the  steel  door  be  made. 
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1 General  Overview  of  Aircraft  Shelter 


Fig.  5a  Normalized  Time  Pressure  Function 


5c  Load  Case  II 


Time-varying  concentrated  forces  at  nodal  points  are 
required  for  the  computer  program  input.  In  arch 
analysis,  peak  nodal  force  of  .1  0,000  lb  is  used  for 
computational  purpose.  This  is  equivalent  to  a peak 
pressure  of  7 psi. 
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Fig.  6b  Time  History  Response  of  Arch  (Load  Case  II) 
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Fig.  7 Finite  Element  Model  of  Shell 

NOTE:  Drawing  displays  finite  element  mesh  characteristics  and 

does  not  display  exact  geometries. 
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Fig.  10  Mode  Shapes  and  Periods  of  Free  Vibrations 
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The  NOISEMAP  computer  program  generates  noise  exposure 
contours  which  form  a portion  of  the  AICUZ  booklet  for  an 
USAF  installation.  Noise  computations  by  NOISEMAP  use 
measured  noise  data  for  each  aircraft  at  selected  reference 
power  settings  and  airspeeds  to  predict  noise  contours  around 
a base.  The  contribution  from  aircraft  flying  at  other  than 
reference  conditions  to  the  noise  contours  is  computed  through 
the  use  of  offset  profiles  (DSELs) . At  the  present  time  DSELs 
must  be  input  as  additional  data  and  often  must  be  hand  cal- 
culated. 

U ' 

This  report  presents  the  results  of  a study  conducted  to 
determine  the  influence  of  DSELs  on  noise  contours.  Seven 
bases  were  selected  for  the  study  on  the  basis  of  operational 
statistics  and  aircraft  types.  All  computer  runs  made  con- 
tained all  operations  for  the  base  under  consideration. 

Baseline,  modified  DSEL,  no  DSEL  and  average  DSEL  runs  were 
made  for  each  base.  The  change  in  area  enclosed  by  selected 
contours  was  chosen  as  an  approximate  measure  of  the  effect  of 
modifying  or  deleting  DSELs. 

r’ 

The  computer  simulations  indicate  that  some  DSELs  are 
necessary  for  most  bases.  Results  of  the  34  runs  made  indicate 
that  DSELs  for  the  dominant  aircraft  are  sufficient.  A 
criterion  for  when  DSELs  should  be  applied  is  obtained  on  the 
basis  of  operational  statistics  by  aircraft  for  a base.  The 
criterion  could  result  in  significant  savings  in  time  during 
the  data  acquisition  and  handling  phases  of  a NOISEMAP  production 
run.  There  would  be  no  significant  change  in  the  accuracy  of 
the  NOISEMAP  predictions  as  a result  of  the  suggested  DSEL 
deletions. 

0 

D 

D. 
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INTRODUCTION 


Environmental  impact  of  aircraft  noise  in  the  vicinity  of 
USAF  installations  is  currently  estimated  through  the  use  of  the 
NOISEMAP  computer  program.  Proper  application  of  the  numerical 
prediction  procedures  of  NOISEMAP  allows  evaluation  of  current 
land  use  practices  around  installations,  the  effect  of  new  air- 
craft on  the  noise  exposure  around  a present  installation,  the 
noise  impact  of  new  propulsion  and  suppression  systems  and  the 
effect  of  proposed  changes  in  present  aircraft  siting.  The 
computer  program  permits  accurate  advanced  estimates  of  the  noise 
impact  of  proposed  changes  and  acquisitions  with  sufficient 
lead  time  to  be  a major  influence  on  command  decisions. 

For  baseline  runs  the  results  of  the  NOISEMAP  simulation 
in  the  form  of  noise  exposure  (Ldn  at  the  present  time)  con- 
tours are  combined  with  accident  potential  zones  to  form  an 
Air  Installation  Compatible  Use  Zone  (AICUZ)  report.  The  report 
also  includes  USAF  recommendations  for  changes  in  existing  land 
use  plans,  policies  and  ordinances.  Because  of  the  important 
role  of  the  AICUZ  and  other  environmental  impact  type  reports 
to  USAF-civilian  relations  it  is  essential  that  the  procedures 
used  by  the  NOISEMAP  program  be  as  accurate  as  the  current  state 
of  the  art  allows.  In  order  to  maintain  the  required  accuracy 
it  is  essential  that  the  technical  foundations  of  the  program 
be  continually  reviewed  and  updated. 

An  assessment  approach  which  has  been  applied  to  several 
modeling  parameters  is  the  sensitivity  study  (1).  A sensitivity 
study  consists  of  a series  of  runs  of  the  NOISEMAP  program  with 
varying  values  of  the  parameter  under  study.  The  sensitivity 
of  noise  contours , to  changes  in  the  parameter  is  then  quantified 
in  terms  of  an  appropriate  measure  of  contour  change.  Previous 
sensitivity  studies  have  used  the  change  in  area  enclosed  by  a 
given  contour  or  contours  as  a measure  of  contour  change.  In 
the  sensitivity  study  discussed  in  this  report  that  procedure 
will  again  be  used. 

Noise  computations  by  NOISEMAP  use  as  data  a set  of  tables 
obtained  by  measuring  noise  levels  for  each  aircraft  at  selected 
reference  power  settings  and  airspeeds.  In  order  to  compute 
the  contribution  to  noise  contours  by  aircraft  flying  at  other 
than  reference  conditions  offset  profiles  (DSELs)  are  used. 
Because  of  the  data  required  for  each  aircraft  a NOISEMAP  run 
for  a typical  installation  requires  a large  volume  of  input 
data.  This  data  must  be  first  collected  at  the  installation 
and  then  coded  by  hand  before  execution  of  the  computer  program 
can  take  place  at  the  AFCEC . At  the  present  time  DSELs  must  be 
input  as  additional  data  and  often  must  be  hand  calculated. 
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This  sensitivity  study  looks  at  the  sensitivity  of  noise  con- 
tours to  DSELs  with  the  hope  of  eliminating  some  of  the  work 
involving  DSELs  in  a production  run  of  NOISEMAP. 

A review  of  accumulated  NOISEMAP  literature  (2-8),  along 
with  consultations  involving  the  staffs  of  the  AFCEC  and  AMRL 
indicated  that  a computer  subroutine  to  automatically  compute 
DSELs  is  feasible.  However,  the  volume  of  data  input  required 
by  such  a subroutine  would  be  greater  than  or  equal  to  that 
currently  needed.  As  a result  it  is  felt  that  if  input  data 
volume  is  to  be  reduced  it  must  be  accomplished  through  a 
reduction  in  input  parameters.  Such  a reduction  can  come 
about  in  two  ways.  A more  sophisticated  set  of  algorithms 
could  be  developed  to  compute  noise  exposure  contours  from 
a reduced  amount  of  input  data.  The  alternative  is  to  reduce 
the  input  data  by  seeking  out  parameters  which  contribute 
significantly  to  the  volume  of  input  data  but  have  little 
effect  on  the  prediction  accuracy  of  the  program.  The 
optimization  implied  is  to  minimize  input  data  while  main- 
taining predictive  accuracy.  The  best  final  variant  of 
NOISEMAP  will  result  from  the  application  of  both  improved 
algorithms  and  sensitivity  studies  to  seek  out  insignificant 
parameters.  It  should  be  emphasized  that  a reduction  in 
volume  and  simplification  in  format  of  the  input  data  is  to  be 
sought  even  at  the  cost  of  significant  increases  in  computer 
time.  This  is  because  of  the  reduction  in  human  errors  and 
manhours  which  can  be  achieved  by  such  an  approach. 

Thirty-two  installations  were  considered  for  use  in  this 
particular  sensitivity  study  and  seven  were  selected  for 
detailed  study.  For  each  of  the  thirty-two  bases  operational 
statistics  were  studied  by  aircraft  to  provide  a sound  basis 
for  selecting  representative  bases  for  detailed  study.  The 
DSEL  statistics  for  each  of  the  seven  selected  bases  were 
then  analyzed  in  detail  on  an  individual  aircraft  and 
installation-wide  basis.  In  this  way  an  operationally 
weighted  average  DSEL  was  obtained  for  each  aircraft  and 
base  for  use  in  correlating  DSEL  deletions  with  area  changes 
for  noise  contours.  For  each  of  the  seven  bases  complete 
NOISEMAP  runs  including  all  base  operations  were  made  for 
baseline,  modified  DSEL,  no  DSEL  and  DSEL  average  situations. 
Area  computations,  printed  grid  dumps  and  printer  plots  were 
produced  for  each  run  along  with  at  least  one  complete 
chronicle  for  each  base. 

This  report  begins  with  a discussion  of  the  specific 
objectives  of  this  research  followed  by  a brief  discussion 
of  the  expected  accuracy  for  NOISEMAP  predictions. 

Accuracy  estimates  from  the  literature  and  results  obtained 
as  part  of  this  research  are  considered.  The  next  section 
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provides  background  material  on  the  bases  considered  and 
selected  for  use  in  this  study.  Operational  statistics,  air- 
craft mix,  characteristics  of  bases  by  command,  altitude 
statistics  and  DSEL  statistics  for  bases  selected  are  con- 
tained in  this  section. 

The  primary  results  of  the  sensitivity  study  itself 
are  then  presented.  Results  are  tabulated  for  baseline,  no 
DSEL,  modified  DSEL  and  average  DSEL  runs  in  terms  of 
enclosed  area  changes  for  selected  noise  contours.  Indications 
are  that  a suitable  criterion  for  deleting  some  DSELs  with- 
out influencing  noise  contours  may  be  obtained  in  terms  of 
percentage  of  base  operations  by  aircraft.  Implementation  of 
such  criteria  in  NOISEMAP  production  runs  could  result  in 
significant  savings  in  manhours  during  data  collection  and  coding. 

The  final  sections  of  the  report  contain  a summary  of  the 
results  obtained  and  the  conclusions  reached  on  the  basis  of 
those  results.  Recommendations  based  on  this  research  are  also 
included  along  with  recommendations  for  future  research  and 
assessments  of  the  NOISEMAP  program  and  underlying  technical 
procedures. 


OBJECTIVES 

The  primary  objective  for  this  research  was  to  thoroughly 
review  the  theory  and  application  of  power  offset  profiles 
(DSELs)  utilized  by  the  NOISEMAP  computer  program.  A survey 
of  the  AMRL  technical  reports  on  NOISEMAP  (1-8)  indicated 
that  the  most  profitable  approach  would  be  a study  of  the 
sensitivity  of  noise  contours  to  changes  in  DSELs.  Thus  the 
specific  objectives  for  the  research  became  the  appropriate 
selection  of  installations  for  a sensitivity  study  of  DSELs, 
the  development  of  a suitable  methodology  for  the  study,  the 
selection  of  suitable  quantifiers  for  changes  in  noise  con- 
tours and  the  generation  of  criteria  for  determining  if  and 
when  DSELs  may  be  deleted  without  significantly  influencing 
predictive  accuracy.  These  objectives  are  somewhat  narrow  in 
scope,  but  their  attainment  was  enhanced  through  careful  con- 
sideration of  their  interrelationship  with  the  overall  objec- 
tives of  the  NOISEMAP  program.  Particular  attention  was 
paid  to  the  overall  goals  of  minimizing  and  simplifying  input 
without  sacrificing  predictive  accuracy. 
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BASE  SELECTION  AND  STATISTICS 


All  computer  runs  made  in  the  course  of  this  sensitivity 
study  include  all  aircraft  operations  at  an  installation  in 
exactly  the  same  way  that  they  would  be  included  for  a produc- 
tion run  of  NOISEMAP.  As  a result,  studies  could  only  be 
carried  out  for  a limited  number  of  bases  because  of  time  as 
well  as  economic  constraints.  This  section  of  the  report 
briefly  describes  how  the  seven  bases  for  which  studies  were 
made  were  chosen  and  presents  relevant  statistical  data  for 
each  of  the  bases. 

Of  the  107  USAF  bases  in  the  United  States  (9)  there 
are  complete  operational  statistics  available  for  32  at 
the  AFCEC . These  operational  statistics  include  mix  of  air- 
craft and  number  and  types  of  flight  operations  on  an  average 
day  for  each  aircraft.  The  command  distribution  of  these  32 
bases  is  as  follows:  4 AFLC , 5 ATC,  3 MAC,  5 SAC,  11  TAC  and 

4 from  other  commands.  Tables  I through  V contain  the 
operational  statistics  for  the  bases  considered  for  use  in 
the  study.  From  these  28  bases  the  following  seven  were  chosen 
for  the  study:  Kelly  (AFLC),  Randolph  (ATC),  McChord  (MAC), 

Fairchild  (SAC) , Cannon  (TAC) , MacDill  (TAC)  and  Myrtle  Beach 
(TAC) . In  most  cases  aircraft  mix  and  total  number  of  opera- 
tions were  chosen  to  be  as  close  to  the  mean  for  a command  as 
possible.  In  the  case  of  TAC  three  bases  were  run  because  of 
the  tendency  of  TAC  bases  to  be  heavily  weighted  to  operations 
by  a single  aircraft.  The  altitude  of  a base  and  cost  of  a 
computer  run  were  secondary  criteria  used  in  base  selection. 

It  should  be  noted  that  in  nearly  all  cases  the  standard 
deviation  of  the  data  quantities  is  large  enough  so  that  the 
significance  of  the  mean  is  reduced.  However,  the  mean  is 
still  representative  of  the  central  tendency  of  a command 
and  as  such  provides  a rational  basis  for  choosing  representa- 
tive bases. 

Examination  of  Tables  I through  V reveals  that  the  bases 
chosen  represent  a good  cross-section  of  aircraft  types, 
base  size  in  terms  of  operations  and  base  elevations.  The 
AFLC  and  MAC  bases  have  a mix  of  cargo,  trainer  and  fighter 
aircraft.  The  C-130  and  C-141  aircraft  have  the  most  opera- 
tions at  the  two  bases  selected  with  number  of  operations 
and  aircraft  mix  being  close  to  the  command  mean  in  both 
cases.  Randolph  AFB  was  selected  as  the  ATC  base  because  it 
has  operations  by  three  types  of  trainer  aircraft  (T-37, 

T-38  and  T-39)  and  a high  enough  number  of  operations  (805) 
to  be  representative  of  ATC  bases  in  general.  Fairchild  AFB 
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TABLE 

OPERATIONS 

I.  STATISTICS  FOR  AFLC 
% NIGHT 

OPERATIONS  % C-TYPE  « 

BASES 

F-TYPE 

% T-TYPE 

% OTHE 

4788 

131 

15 

25 

57 

18 

0 

689 

84 

2 

38 

30 

31 

2 

76 

103 

6 

55 

20 

25 

0 

824 

245 

3 

45 

6 

33 

15 

1594 

141 

6.5 

41 

28 

27 

4.3 

2154 

72 

5.9 

13 

22 

6.8 

7.2 
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TABLE 

OPERATIONS 

II.  STATISTICS  FOR  ATC 
% NIGHT 

OPERATIONS  % B-TYPE  % 

BASES 

C-TYPE 

% F-TYPE 

% T-TY1 

96 

226 

20 

12 

8 

1 

80 

761 

805 

< 1 

0 

0 

0 

100 

3338 

1360 

1 

0 

0 

0 

100 

1015 

953 

2 

< 1 

1 

0 

99 

1385 

2140 

1 

0 

0 

5 

95 

1319 

1097 

• 4.8 

2.6 

1.8 

1.2 

95 

1222 

711 

8.5 

5.3 

3.5 

2.2 

8.5 
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TABLE  III 


% NIGHT 

ALT  OPERATIONS  OPERATIONS  % B-TYPE  % C-TYPE  % F-TYPE  % T-TYPE 


McChord  550 


Mean 


TABLE  IV 


% NIGHT 

ALT  OPERATIONS  OPERATIONS  % A-TYPE  « B-TYPE  I C-TYPE  % F&T  TYPE 


Davis-  2705 
Monthan 


Fairchild  2462 


March 


1530 


1410 


Mean 


Standard  1208 
Deviation 
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TABLE  V.  STATISTICS  FOR  TAC  BASES 


% NIGHT 

ALT  OPERATIONS  OPERATIONS 


% A-TYPE  % C-TYPE  % F-TYPE  % T-TYPE 


Cannon 


I Igland 


2875 


Homan  4000 


1101 


cDill 


Mountain 


3000 


Myrtle 

P^ach 


1868 


1593 


Mean 


,‘^andard  1691 
Deviation 


was  chosen  as  a representative  SAC  base  because  of  the 
high  percentage  of  B-52  and  KC-135  operations.  This  was 
felt  to  best  represent  SAC's  mission  in  general  even  though 
it  is  not  particularly  representative  of  the  sample  of  SAC 
bases  for  which  statistics  were  available.  The  TAC  bases 
selected  include  primarily  F-4 , F-lll  and  A-7D  aircraft  and 
range  in  altitude  from  6 ft  to  4295  ft.  Activity  level  varies 
from  52  operations  at  Cannon  AFB  to  408  at  Myrtle  Beach. 

In  addition  to  aircraft  operational  statistics  a stat- 
istical analysis  of  DSELs  for  each  aircraft  and  base  was 
carried  out.  The  weighted  average  DSELs  obtained  will  be 
used  as  an  aid  in  quantifying  the  sensitivity  of  noise 
contours  to  changes  in  DSEL.  Table  VI  summarizes  this  analy- 
sis. The  operation  weighted  average  DSEL  for  an  aircraft  was 
computed  as  follows.  First  the  mean  DSEL  for  each  flight 
track  and  aircraft  is  computed.  For  a given  aircraft  the  mean 
DSEL  for  each  flight  track  is  multiplied  by  the  number  of 
operations  by  that  aircraft  on  that  flight  track.  These 
products  are  then  summed  over  all  flight  tracks  on  which 
that  particular  aircraft  flies.  The  sum  is  then  divided  by 
the  total  operations  for  the  aircraft  under  consideration  to 
give  an  operation  weighted  average  DSEL.  The  procedure  is 
repeated  for  each  aircraft  at  the  installation.  The  same  type 
of  procedure  is  next  carried  out  for  the  entire  base  by 
dividing  the  sum  of  the  products  of  weighted  average  DSEL  and 
operations  over  all  aircraft  by  total  base  operations  to  give 
a base  operation  weighted  DSEL.  In  equation  form 


(DSEL) 


wa 
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where  (DSEL) wa  is  the  operation  weighted  average  DSEL  for 

an  aircraft,  is  the  average  DSEL  for  the  i -th 

DSEL  i 

flight  track,  ni.  is  the  number  of  operations  on  the  L-th 
flight  track  for  the  aircraft  in  question  and  N is  the  total 
number  of  flight  tracks  for  that  particular  aircraft.  Also 
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TABLE  VI.  DSEL  STATISTICS  BY  AIRCRAFT 


s BASE 

AIRCRAFT 

OPERATIONS 

% BASE 
OPERATIONS 

(DSEL) 

WA 

(DSEL) 

Cannon 

F-lllF 

52 

100 

3.3 

3.3 

MacDill 

F-4E 

227 

100 

-1.4 

-1.4 

Myrtle 

Beach 

A-7D 

374 

92 

4.9 

4.5 

C-9 

22 

5 

2.3 

T-3  3 

12 

3 

-2.7 

Fairchild 

B-52G 

62 

44 

1.1 

0.4 

C-9 

3 

2 

2.3 

KC-135 

52 

37 

-0.3 

C-141 

13 

9 

0.8 

F-100 

3 

2 

-4.3 

F-lll 

8 

6 

0.2 

Kelly 

B-52 

2 

2 

0.6 

0.8 

C-5 

1 

1 

0.6 

C-130 

31 

36 

1.5 

F-100 

25 

30 

1.2 

T-38 

2 

3 

1.4 

r * 

T-3  9 

23 

28 

-0.5 

McChord 

C-9 

1 

<1 

2.5 

0.5 

C-130 

44 

24  ' 

2.0 

1 - 

C-141 

98 

54 

1.6 

Li 

F-101 

6 

4 

-3.1 

F-106 

21 

11 

-6.9 

U 

T-3  3 

7 

4 

0.9 

7 

T-39 

6 

3 

-0.9 
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TABLE  VI. 

CON'T 

AIRCRAFT 

OPERATIONS 

% BASE 
OPERATIONS 

(dsel>wa 

(DSELU 

T-37 

489 

61 

O 

• 

CM 

1.8 

T-38 

311 

39 

1.4 

T-39 

5 

< 1 

0.7 

Here  (DSEL)bwa  is  the  operation  weighted  average  DSEL  for  an 

entire  installation,  M<'  is  the  number  of  operations  by  the  t -th 
aircraft  and  M is  the  total  number  of  different  aircraft  at  an 
installation.  It  should  be  noted  that  the  operation  weighted 
average  DSEL  for  an  aircraft  may  vary  from  base  to  base 
depending  on  operating  procedures  and  types  of  operations. 

The  weighted  average  DSELs  will  be  used  later  in  the  report 
as  a measure  of  DSEL  change  for  correlation  with  area  changes. 


EXPECTED  COMPUTER  PREDICTION  ACCURACY 

Before  any  conclusions  or  criteria  may  be  obtained  from 
a sensitivity  study  it  is  important  to  have  a realistic  estimate 
of  the  accuracy  of  the  predictions  of  the  NOISEMAP  program. 

The  most  direct  way  to  estimate  this  accuracy  is  through  an 
experimental  validation  study.  Such  a study  is  currently 
being  conducted  for  the  USAF  by  a contractor  (10)  and  should 
be  completed  later  this  year.  In  the  temporary  absence  of 
experimental  accuracy  estimates  there  remain  two  sources  for 
such  estimates  — existing  AMRL  technical  reports  or  appropriate 
computer  runs. 

The  percentage  change  in  area  enclosed  by  a noise  contour 
caused  by  a change  in  contour  value  is  of  particular  relevance 
for  this  or  any  sensitivity  study.  Together  with  estimates 
of  contour  prediction  accuracy  the  area  change  can  be  used  to 
determine  whether  or  not  a parameter  has  significant  influence 
on  the  noise  contours.  The  AMRL  series  of  technical  reports 
on  NOISEMAP  indicates  that  an  error  in  contour  value  of  1 to 
2 dB  is  to  be  expected  (2;p.ll3  and  3;pp.  153  and  154).  One 
of  the  reports  also  indicates  that  this  is  the  approximate 
range  of  standard  deviation  encountered  in  experimental  air- 
craft noise  exposure  measurements  (4;  p.A2) . Thus  it  appears 
that  regardless  of  the  results  of  the  experimental  verification 
study  in  progress  a lower  bound  on  the  measurable  accuracy  of 
NOISEMAP  contour  predictions  will  be  1 to  2 dB.  Hence  in  the 
remainder  of  this  report  any  judgements  as  to  the  significance 
in  a contour  change  will  be  based  on  comparisons  with  the  1 to 
2 dB  lower  bound  on  accuracy. 

In  this  study,  as  in  the  previous  sensitivity  studies  (1), 
the  change  in  area  within  a contour  will  be  used  as  a measure 
of  contour  sensitivity  to  the  parameter  changes.  It  is 
necessary  to  have  an  estimate  of  the  area  change  caused  by 
a 1 to  2 dB  contour  shift.  It  has  been  estimated  that  the 
linear  contour  shift  caused  by  a 2 dB  change  in  contour 
value  is  approximately  12  percent  of  the  propagation 
distance  to  the  contour  (2;  p.  112) . If  the  area  enclosed 
by  a contour  is  roughly  proportional  to  the  square  of  a 
given  linear  contour  dimension  then  this  gives  a 25  percent 
change  in  area  for  a 2 dB  change  in  contour  value. 
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The  empirical  relationship  between  enclosed  area  and  NEF 
obtained  in  a previous  sensitivity  study  (l;p.37)  is 


109-NEF 


Area  (acres) 


(4-1) 


This  relationship  gives  a 29%  area  change  for  a 2 dB  change 
in  NEF.  However,  it  is  important  to  note  that  Eq.  4-1  is 
based  on  an  average  over  only  9 bases  and  that  the  scatter 
around  this  average  is  large. 

A simple  theoretical  analysis  based  on  geometric 
spreading  (inverse  square  law)  and  a single  lumped  excess 
attenuation  gives  an  approximate  relationship  of  the  form 


LDNo  - LDN  - Ca 

I 10  _ 


(4-2) 


Here  A is  the  area  enclosed  by  the  LDN  contour,  A0  is  the 
area  enclosed  by  the  LDN0  contour  and  Ca  is  the  lumped  excess 
attenuation  associated  with  the  LDN  contour.  Ca  should  vary 
in  the  opposite  sense  from  LDN.  The  percent  change  in  area 
caused  by  a change  in  contour  value  is  found  from 

[LDN,  - LDN. ) + (C*  - C ) 


which  was  obtained  from  Eq  4-2.  For  a difference  in  contour 
values  of  +2  dB  assuming  a difference  in  lumped  excess  attenua- 
tion of  -1  dB  gives  a 26%  change  in  area.  This  result  is  in 
good  agreement  with  the  results  reported  by  Dunderdale  in  a 
previous  sensitivity  study  using  Eq.  4-1  (l;p.  37).  In  Eq. 

4-3  the  absolute  value  of  (Ca_  - Ca.)  must  always  be  less  than 
the  absolute  value  of  (LDN 2 - LDNi)xand  (Ca2  - Cai)  should  be 
of  the  opposite  sign  from  (LDNo  - LDN^) . For  large  propagation 
distances  the  absolute  value  or  (Ca~  - Ca,)  should  be  a 
significant  fraction  of  the  absolute  value  of  (LDN2  - LDN].). 

Additional  studies  of  the  variation  of  area  enclosed  by 
a contour  with  LDN  contour  value  were  also  made  in  the  course 
of  this  sensitivity  study.  A larger  sample  of  bases  was  con- 
sidered than  in  the  previous  work  since  area  computations  for 
18  bases  were  available.  Areas  enclosed  by  the  65,  70,  75, 
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80  and  85  dB  LDN  contours  were  computed  for  each  of  the  bases 
and  the  mean  and  standard  deviation  were  computed  for  the  area 
values  for  each  contour.  In  all  cases  the  standard  deviation 
was  greater  than  the  mean  and  the  data  spread  was  more  than 
an  order  of  magnitude.  It  is  felt  that  these  statistical 
results  indicate  that  Eq.  4-1  may  be  of  limited  value  for 
area  predictions  and  that  great  care  should  be  used  in  inter- 
preting results  obtained  from  it.  In  an  attempt  to  circumvent 
some  of  the  difficulties  involved  in  using  Eq.  4-1  the  area 
data  for  all  bases  was  normalized  using  the  area  enclosed  by 
the  85  dB  LDN  contour.  The  mean  and  standard  deviations  were 
computed  for  the  normalized  data.  In  all  cases  the  standard 
deviation  was  less  than  34  percent  of  the  mean  and  the  spread 
of  the  data  was  greatly  reduced.  An  empirical  relationship 
similar  to  Eq.  4-2  may  be  obtained  as  an  average  of  the  nor- 
malized data.  This  relationship  together  with  other  features 
of  the  area-LDN  studies  will  be  discussed  in  more  detail  in  a 
later  report.  Such  a relationship  has  the  drawback  that  the 
area  enclosed  by  one  of  the  contours  must  be  known  before 
others  may  be  computed.  This  is  not  a serious  problem  as  far 
as  the  use  of  the  relationship  in  sensitivity  studies  is 
concerned.  However,  it  does  limit  the  use  of  the  empirical 
relationship  as  far  as  area  predictions  are  concerned  unless 
the  area  enclosed  by  one  contour  is  known  or  can  be  estimated. 


SENSITIVITY  TO  DSEL  CHANGES 


ii 


The  area  change  within  a contour  was  chosen  as  a gross 
measure  of  contour  sensitivity  for  this  investigation.  Table 
VII  summarizes  contour  sensitivity  for  all  seven  bases.  A 
baseline  run  area  in  square  miles  for  each  base  gives  the  actual 
area  within  the  bontours  from  65  LDN  to  85  LDN  with  no  changes 
from  the  production  run  for  the  base.  All  other  runs  for  a 
base  show  percent  area  changes  from  this  baseline  area.  Two 
of  the  bases,  MacDill  and  Cannon,  have  only  one  aircraft  so 
that  only  two  non-baseline  runs  are  shown  for  them.  For  the 
other  bases  DSELs  were  set  equal  to  zero  for  increasingly 
large  groups  of  aircraft  until  all  DSELs  were  zero.  As  a 
final  run  for  a base  all  DSELs  were  set  equal  to  the  base 
operation  weighted  average  DSEL.  As  can  be  seen  from  Table 
VII  using  operational  statistics  from  Table  VI  the  DSELs  have 
little  effect  on  the  areas  except  for  the  one  or  two  opera- 
tionally dominant  aircraft.  In  particular  it  may  be  seen 
that  the  deletion  of  DSEL's  for  up  to  50  percent  of  aircraft 
operations  at  an  installation  resulted  in  area  changes  of 
less  than  11  percent  for  all  installations  and  all  contours. 

This  means  that  for  areas  to  be  within  11  percent  of  baseline 
DSELs  are  necessary  for  only  one  aircraft  at  six  of  the  seven 
bases  studied  and  two  at  the  seventh.  The  estimated  area 
change  caused  by  a 1 dB  contour  inaccuracy  is  from  12  to  16 
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TABLE  VII.  SUMMARY  OF  DSEL  SENSITIVITY 

LDN  CONTOUR  VALUE 


65 

70 

75 

80 

CANNON 

Baseline  Area  (sq  mi) 

25.5 

14.4 

8.22 

4.28 

No  DSEL 

% Area  Change 

-20 

-20  -25 

-30 

DSEL  Avg 

= 3.3;  % Area  Change 

19 

15 

12 

11 

FAIRCHILD 

Baseline  Area  (sq  mi) 

162 

95.0 

46.8 

26.9 

No  DSEL: 

C-9,  F-100  %Area  Change  0.05 

0.04 

0.04 

0 

No  DSEL: 
Change 

C-9,  F-100 , F-lll  % Area  0.35 

0.58 

0.12 

0 

DSEL  for 
Change 

B-52,  KC-135  % Area 

0.40 

0.57 

0.12 

0 

DSEL  for 

B-52  % Area  Change 

11 

9.3 

10 

4.2 

No  DSEL  % 

Area  Change 

2.7 

-4.4 

5.9 

-6.5 

DSEL  Avg 

=0.4  % Area  Change 

7.3 

0.3 

11 

-1.0 

KELLY 

Baseline  Area  (sq  mi) 

10.7 

5.79 

3.53 

1.92 

No  DSEL: 
Change 

B-52,  C-5,  T-38  % Area 

1.9 

-0.16 

-0.42 

-0.99 

NO  DSEL:  B-52,  C-5,  T-38,  T-39 
% Area  Change 

3.0 

0.59 

-0.34 

-1.8 

DSEL  for 

C-130  % Area  Change 

-3.8 

-7.9 

-9.5 

-11 

No  DSEL  % 

Area  Change 

-4.1 

-8.0 

-9.7 

-11.4 

DSEL  Avg 

=0.8  % Area  Change 

5.4 

-1.5 

-5.6 

-6.7 

MACD ILL 

Baseline  Area  (sq  mi) 

31.1 

16.0 

8.60 

4.36 

No  DSEL  % 

Area  Change 

73 

42 

32 

27 

DSEL  Avg 

= -1.4  % Area  Change 

34 

17 

10 

5 
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TABLE  VII.  CON'T 


MCCHORD  Baseline  Area  (sq  mi) 

19.2 

9.51 

4.38 

1.85 

0.79 

nI  DSEL:  09,  F-101,  T-33,  T-39 
% Area  Change 

1.4 

-0.56 

-4.3 

-9.6 

-1.8 

fc*  DSEL:  C-9 , F-101,  T-33,  T-3*|, 
F-106 , % Area  Change 

10 

7.8 

4.9 

1.6 

0.25 

£ EL  for  C-141  % Area  Change 

9.5 

7.1 

4.7 

1.0 

0.25 

No  DSEL  % Area  Change 

0.6 

-4.6 

-12 

-21 

-3.4 

L'uEL  Avg  =0.5%  Area  Change 

7.5 

2.5 

-5 

-12 

-2.4 

b RTLE  BEACH  Baseline  Area  (sq  mi) 71. 8 

32.8 

16.5 

9.28 

4.69 

No  DSEL:  C-9,  T-33  % Area  Change 

0.49 

0.11 

-0.05 

-0.16 

-0.15 

t DSEL  % Area  Change 

« • 

■51 

-51 

-51 

-61 

-71 

DSEL  Avg  =4.5%  Area  Change 

24 

-0.8 

-10 

-19 

-32 

RANDOLPH  Baseline  Area  (sq  mi) 

23.8 

11.5 

5.33 

2.33 

0.93 

I EL  for  T-37  % Area  Change 

-2.9 

-4.7 

-11 

-13 

-20 

No  DSEL  % Area  Change 

-1.6 

-4.6 

-14 

-23 

-25 

I !EL  Avg  =1.8  % Area  Change 

20 

24 

17 

9 

0 
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percent.  Therefore  the  11  percent  change  Is  within  a conserva- 
tive estimate  for  the  area  corresponding  to  the  optimal  1 to 
2 dB  contour  prediction  accuracy  of  NOISEMAP. 

The  variation  of  average  percent  area  change  with  percent 
of  operations  with  no  DSEL  is  shown  in  Fig.  1.  The  average 
percent  area  change  appearing  here  is  obtained  by  simply 
averaging  the  percent  area  changes  for  the  five  contours 
from  65  to  85  ldn.  The  dashed  lines  at  12  percent  area  change 
represent  a conservative  estimate  of  the  area  change  corres- 
ponding to  a 1 dB  contour  shift.  The  figure  illustrates 
again  that  deleting  DSELs  for  up  to  60  percent  of  base 
operations  causes  an  area  change  less  than  that  caused  by  a 
1 dB  contour  shift.  In  fact  for  DSELs  deleted  on  up  to  50 
percent  of  base  operations  the  area  change  is  less  than  that 
caused  by  a 0.5  dB  contour  shift. 


It  is  evident  from  the  results  summarized  in  Table  VII 
and  Figure  1 that  DSELs  may  not  be  ignored  completely.  It 
does  appear  that  they  could  be  neglected  for  an  important 
fraction  of  base  operations  without  significantly  affecting 
contour  accuracy.  In  particular  it  seems  that  for  most 
bases  DSELs  are  necessary  for  only  one  or  two  operationally 
dominant  aircraft.  A working  procedure  stating  that  DSELs 
should  be  included  for  operationally  dominant  aircraft  until 
a cumulative  percentage  of  base  operations  of  60  to  70  per- 
cent is  reached  could  significantly  reduce  input  data. 

It  also  appears  that  as  the  number  of  different  aircraft 
at  an  installation  increases  the  importance  of  DSELs  decreases. 
In  fact  with  the  exception  of  the  three  TAC  bases  which  are 
heavily  single  aircraft  weighted,  all  bases  are  very  near  or 
within  the  1 dB  band  in  Fig.  1 with  all  DSELs  deleted.  This 
is  primarily  a result  of  the  decrease  in  base  weighted 
average  DSEL  with  increasing  number  of  aircraft  types  which 
is  caused  by  the  greater  opportunity  for  DSEL  cancellation 
by  different  aircraft. 

Figure  2 illustrates  the  variation  of  average  percent 
area  change  with  operation  weighted  average  deleted  DSEL. 

The  plot  indicates  that  area  change  decreases  linearly  with 
increasing  deleted  DSEL.  It  further  indicates  that  if  the 
base  operation  weighted  average  DSEL  is  in  the  range  from 
-1  to  1 then  the  expected  area  change  is  less  than  12  percent. 
This  plot  could  be  very  useful  for  obtaining  estimates  of 
the  significance  of  DSELs  at  installations  purely  on  the 
basis  of  operational  and  DSEL  statistics  for  the  base.  The 
base  weighted  average  DSEL  will  give  a good  estimate 
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of  the  change  in  area  expected  if  DSELs  are  deleted  via  Fig.  2 
alone  without  the  need  for  an  additional  computer  run.  The 
plot  is  especially  useful  since  in  the  range  of  area  change 
from  -20  to  +20  percent  where  DSEL  deletions  would  be  con- 
sidered there  is  a relatively  small  amount  of  scatter  about  the 
linear  regression  best  fit  straight  line. 

Some  question  may  be  raised  as  to  the  appropriateness 
of  the  precent  area  change  as  a measure  of  contour  sensitivity. 
There  are  two  primary  reasons  supporting  this  choice.  First, 
it  is  the  measure  which  was  chosen  by  BBN  for  the  previous 
sensitivity  studies  (1)  and  as  such  its  use  in  this  study 
facilitates  comparisons  with  the  other  studies.  Second, 
printer  plots  were  made  for  all  runs  to  study  contour  shape 
changes.  The  printer  plots  indicate  that  significant  contour 
shape  changes  do  not  occur  until  very  large  area  changes  are 
present.  Therefore,  change  in  area  is  probably  the  most 
appropriate,  as  well  as  the  most  straight  forward,  measure  of 
contour  sensitivity  available. 


CONCLUDING  REMARKS 

There  is  little  doubt  that  the  DSELs  for  power  settings 
and  airspeed  are  based  on  a sound  physical  foundation.  How- 
ever, from  a production  standpoint  it  is  undesirable  to 
have  "corrections"  which  must  be  applied  to  virtually  every 
aircraft  operation.  This  study  has  investigated  the  sensi- 
tivity of  noise  contours  to  DSELs.  The  results  presented 
in  the  previous  section  indicate  that  DSELs  have  little  effect 
on  the  contours  for  aircraft  with  a low  percentage  of  base 
operations.  There  is,  of  course,  always  a question  of  how 
large  an  effect  can  be  ignored  before  the  cumulative  effect 
of  several  neglected  parameters  becomes  large.  In  the  case 
of  DSELs  it  appears  that  a conservative  application  of  the 
results  obtained  in  this  study  could  result  in  a significant 
saving  in  man  and  computer  time  at  no  expense  to  predictive 
accuracy. 

On  a more  general  basis,  this  study  along  with  the  previous 
sensitivity  studies  indicates  that  continued  refinement  and 
optimization  of  the  program  can  be  productive.  If  the  valida- 
tion studies  currently  underway  indicate  that  the  computer 
simulation  does  indeed  predict  noise  contours  to  within  a 
standard  deviation  of  experimental  determinations  then  efforts 
should  be  directed  towards  program  optimization.  If  the 
validation  study  indicates  that  significant  improvement  in 
the  simulation  is  possible  then  sensitivity  studies  can 
help  indicate  where  significant  improvements  are  possible. 

In  any  such  studies  or  further  work  on  NOISEMAP  the  following 


statement  from  one  of  BBN's  early  report  on  community  noise 
exposure  should  be  kept  in  mind. 

"There  will  be  a tendency  to  overly  complicate 
the  input  data  for  computer  simulation.  This 
will  result  in  much  unnecessary  manpower  and 
computer  time  expended.  Some  of  the  judgement 
as  to  the  level  of  detail  and  complexity  desir- 
able can  be  quantified  into  a set  of  working 
rules.  Much  of  this  will  have  to  be  learned 
from  experience  with  the  rules  and  an  analysis 
of  the  results  of  the  decisions  made  during  the 
course  of  the  work."  (11) 

Further  sensitivity  studies  and  in  particular  studies 
of  entire  base  situations  will  continue  to  provide  important 
insights  for  future  developments  in  NOISEMAP  predictive 
procedures.  In  some  cases  such  studies  will  indicate 
parameters  which  are  not  necessary  to  maintain  prediction 
accuracy.  In  other  cases  studies  will  indicate  parameters 
for  which  modeling  techniques  must  be  refined  to  improve 
prediction  accuracy.  In  addition  to  looking  at  parameters 
singly  it  would  be  useful  to  also  do  some  combined  sensitivity 
studies  for  entire  base  situations.  Such  studies  would  help 
establish  the  cumulative  effects  of  various  parameters  on 
noise  contours.  Great  care  must  be  exercised  when  interpret- 
ing the  results  of  any  study,  particularly  when  deletion  of 
input  is  being  considered.  However,  it  is  equally  important 
to  bear  in  mind  the  limits  to  the  accuracy  of  the  predictive 
procedure  due  to  the  statistical  nature  of  the  quantities 
involved.  It  is  essential  that  any  sensitivity  study  con- 
sider contour  change  significance  relative  to  contour  in- 
accuracies associated  with  the  predictions  of  NOISEMAP. 

Once  the  accuracy  of  NOISEMAP  predictions  has  been  verified 
to  within  a standard  deviation  of  experimental  determinations 
the  primary  effort  should  be  concentrated  in  the  area  of 
program  optimization.  That  is  minimum  input  data  and  com- 
puter time  without  change  in  accuracy. 


RECOMMENDATIONS 
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1.  On  production  runs  of  NOISEMAP  the  following  procedure 
should  be  adopted  for  the  deletion  of  unnecessary  DSELs. 

First  determine  the  percentage  of  base  operations  for  each 
aircraft  at  a base.  Next  rank  them  in  order  from  highest 
percentage  on  down.  DSELs  are  required  for  all  operations 

of  the  aircraft  with  the  highest  percentage  of  base  operations. 
If  a single  aircraft  accounts  for  more  than  65  percent  of  base 
operations  then  DSELs  are  not  required  for  any  other  aircraft. 
If  a single  aircraft  does  not  account  for  over  65  percent  of 
base  operations  then  DSELs  are  required  for  all  operations  of 
the  two  most  prevalent  aircraft  on  an  operations  basis. 

DSELs  are  included  in  this  fashion  for  as  many  aircraft  as 
are  needed  to  cumulatively  total  more  than  65  percent  of  base 
operations.  DSELs  for  small  percentage  operation  aircraft 
are  not  necessary.  For  most  bases  DSELs  should  be  necessary 
for  only  one  or  two  aircraft  using  the  above  criterion. 

2.  Because  of  their  importance  in  all  sensitivity  studies 
further  investigations  of  the  relationship  between  enclosed 
area  and  contour  value  should  be  made.  Some  of  the  informa- 
tion needed  for  these  studies  is  available  at  the  AFCEC  in 
the  form  of  area  computations  for  the  five  LDN  contours  from 
65  to  85.  Such  computations  have  been  done  for  most  bases 
run  since  February  1976.  In  addition  to  the  information 
available  at  the  AFCEC  it  would  be  useful  to  have  several  bases 
run  at  1 dB  contour  increments  to  estimate  the  area  change 
caused  by  a 1 dB  contour  inaccuracy. 


3.  Further  sensitivity  studies  should  be  conducted  to  identify 
parameters  for  which  modeling  techniques  need  improvement 
and  to  identify  parameters  which  can  be  deleted  or  simplified 
to  reduce  input  data. 


4.  Criteria  should  be  developed  through  a type  of  sensitivity 
study  for  determining  how  large  a change  in  operations  may 
occur  before  significant  contour  changes  develop.  This  is 
an  especially  important  area  since  there  will  be  many  situations 
in  the  near  future  when  decisions  on  whether  or  not  bases 
should  be  rerun  will  need  to  be  made. 

5.  Future  sensitivity  studies  should  include  parameters  with 
sound  physical  foundation  as  well  as  parameters  about  which 
there  is  some  technical  controversy.  This  is  especially  true 
for  parameters  involving  large  amounts  of  input  data. 

6.  An  overall  look  at  the  entire  prediction  procedure  may 
he  worthwhile.  Perhaps  a sound  power  and  directivity 
approach  with  less  input  data  for  each  aircraft  would  be 
advisable.  Such  an  approach  would  probably  result  in  more 
complex  computational  algorithms. 
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7.  Close  attention  should  be  paid  to  current  propagation 
research.  In  particular  there  may  be  some  valuable  insights 
into  the  air-to-ground  ground-to-ground  transition  available 
in  some  of  the  non-aircraft  oriented  research. 
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DETERMINATION  OF  UNLOADED  AND  LOADED 
PAVEMENT  PROFILES  USED  FOR  PREDICTION 
OF  DYNAMIC  RESPONSE  OF  AIRCRAFT 


By 

William  H.  Highter 


ABSTRACT 


Pavement  roughness  affects  the  structural  loads  imposed  on 
aircraft  during  ground  operations  and  can  also  affect  instru- 
ment readability.  In  some  cases  aircraft  vertical  accelera- 
tions have  reached  such  high  levels  that  documentation  by 
flight  crews  indicate  that  the  safety  of  the  aircraft  may 
be  affected.  Aircraft  fatigue  stresses  and  some  structural 
deformation  of  aircraft  have  also  been  noted.  Pavement 
roughness,  then,  is  an  important  element  in  the  evaluation 
of  both  rigid  and  flexible  airfield  pavements. 

Aircraft  response  to  pavement  roughness  can  be  measured  by 
on-board  instrumentation  but  this  is  an  expensive  and 
time  consuming  procedure  because  different  types  of 
aircraft  respond  to  identical  pavement  profiles  differently 
and  the  response  is  also  a function  of  the  velocity  of  the 
aircraft.  For  these  reasons  the  Air  Force  has  developed 
a computer  code  (TAXI)  which  simulates  the  response  of 
aircraft  to  pavement  roughness.  Input  to  this  code  consists 
of  aircraft  characteristics  and  the  pavement  profile;  out- 
put includes  landing  strut  forces  and  displacements  and 
vertical  acceleration  of  the  aircraft  frame. 

Present  Air  Force  practice  is  to  measure  a pavement  profile 
with  a laser  prof ilometer . The  result  is  a series  of 
elevations  along  the  pavement  surface  which  defines  a 
pavement  profile  when  the  pavement  is  undeflected  i.e. 
unloaded.  This  unloaded  profile  is  different  from  any 
profile  seen  by  aircraft  because  aircraft  load  can 
deflect  the  pavement,  thus  changing  the  profile.  It  is 
not  known  for  certain  whether  the  simulated  response  of 
aircraft  to  unloaded  and  loaded  pavement  profiles  is 
significantly  different. 
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To  obtain  the  data  necessary  to  determine  if  loaded  and  un- 
loaded pavement  profiles  are  enough  different  to  be  signi- 
ficant in  the  aircraft  response  as  predicted  by  "TAXI", 
a 2100  foot  pavement  test  section  was  selected  on  Taxiway 
9 at  Eglin  Air  Force  Base,  Florida.  The  unloaded  profile 
was  obtained  by  measuring  the  elevations  of  points  along 
a straight  line  on  the  surface  of  the  pavement  at  2 foot 
intervals.  The  loaded  pavement  profile  was  obtained  by 
measuring  the  deflections  caused  by  a 25,115  pound  load 
at  the  same  point  the  unloaded  elevations  were  obtained 
and  subtracting  these  deflections  from  the  unloaded 
profile.  The  load  was  applied  through  the  same  type  of 
tire  used  on  the  main  gear  of  an  F-4  aircraft  and  the 
deflections  were  measured  with  a noncontacting  deflection 
measuring  device  which  uses  light  emitting  diodes. 

The  unloaded  profile  was  inputted  to  TAXI  along  with  F-4 
aircraft  characteristics  and  the  aircraft  response  to  the 
unloaded  profile  at  an  aircraft  speed  of  100  ft  per  second 
are  now  available.  The  remaining  steps  required  to  complete 
the  entire  phase  of  the  project  of  which  this  research  effort 
is  a part,  is  outlined  in  this  report  and  summarized  in  a 
flow  chart. 
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INTRODUCTION 


The  Air  Force  maintains  some  500  million  square  yards  of 
pavement  at  annual  maintenance  costs  of  about  $400  million. 
These  pavements  were  constructed  at  different  times,  under 
different  design  criteria,  are  subject  to  various  types  and 
volume  of  traffic,  and  some  are  located  in  extreme  climates. 
With  such  a large  and  diverse  inventory  of  pavements,  two 
major  problems  face  the  pavement  engineer;  the  estimation 
of  the  service  life  of  individual  pavement  sections,  and; 
an  assessment  of  the  condition  of  individual  pavement  sec- 
tions at  any  time  in  the  service  life  of  the  pavement. 

The  research  described  here  deals  with  pavement  roughness 
which  is  one  facet  of  pavement  condition  assessment  or  eval- 
uation. Pavement  roughness  is  an  important  consideration 
because  it  can  affect  instrument  readability  and  influence 
the  structural  loads  imposed  on  aircraft  during  ground 
operations.  Pavement  roughness  is  defined  here  as  the 
deviation  of  the  surface  of  the  pavement  from  a plane.  A 
pavement  profile  is  a longitudianl  line  which  describes 
the  surface  of  the  pavement.  The  magnitude  of  pavement 
roughness  is  the  deviation  of  the  profile  from  a straight 
line. 

The  Air  Force  Civil  Engineering  Center  (AFCEC)  has  developed 
a laser  profilometer  which  can  measure  a pavement  profile 
quickly  with  a minimum  of  airfield  downtime.  Present  practice 
in  Air  Force  pavement  roughness  evaluation  is  to  determine  the 
profile  of  airfield  pavements  when  the  pavement  is  unloaded  and 
therefore  undeflected.  This  unloaded  profile  is  inputted  into 
computer  code  TAXI  along  with  aircraft  characteristics  and 
dynamic  responses  of  the  aircraft  to  pavement  roughness  is 
simulated.  These  responses  include  main  gear  stroke,  nose 
gear  stroke,  main  g6ar  force,  nose  gear  force,  tail  acceler- 
ation, center  of  gravity  acceleration,  and  pilot  station 
acceleration.  Since  aircraft  load  and  deflect  pavements,  the 
profile  traversed  by  aircraft  is  a loaded  profile  which  is 
different  from  the  unloaded  profile  presently  used  as  input  to 
TAXI.  The  aircraft  roughness  simulation  procedure  presently 
used  by  the  Air  Force,  then,  is  not  precise  but  it  is  not 
known  whether  or  not  the  response  of  a given  aircraft  differs 
significantly  if  the  profile  transversed  in  the  computer 
simulation  is  the  unloaded  profile  or  the  loaded  profile.  The 
objective  of  the  present  research  effort  was  to  obtain  the 
data  required  to  make  this  determination,  and  if  time  allowed 
to  make  initial  computer  simulations  of  the  F-4  aircraft  on 
unloaded  and  loaded  profiles. 


If  it  is  found  that  the  unloaded  profile  affects  the  response 
of  aircraft  in  essentially  the  same  manner  as  the  loaded 
profile,  then  the  approach  presently  used  by  the  Air  Force 
in  evaluating  pavement  roughness  would  be  validated.  If, 
however,  the  aircraft  responses  were  found  to  be  significantly 
different,  then  the  Air  Force  would  have  to  develop  a means 
of  measuring  loaded  pavement  profiles  quickly  and  accurately 
to  serve  as  input  to  the  computer  code. 


OBJECTIVES 


A primary  objective  of  the  research  program  of  which  this 
research  effort  is  a part,  is  to  determine  if  the  dynamic 
response  of  aircraft  is  significantly  different  when 
traversing  unloaded  and  loaded  pavement  profiles.  The 
primary  objectives  of  the  portion  of  the  total  research 
program  reported  here  were  to  determine  unloaded  and 
loaded  pavement  profiles  on  at  least  2000  feet  of  airfield 
pavement  and  to  become  familiar  with  the  computer  code 
(TAXI)  that  would  be  used  to  simulate  aircraft  response 
to  the  loaded  and  unloaded  pavement  profiles.  In  addi- 
tion, if  time  allowed,  initial  computer  simulations  would 
be  made  of  aircraft  response  to  the  unloaded  and  loaded 
profiles. 

DETERMINATION  OF  UNLOADED  AND  LOADED  PAVEMENT  PROFILES 

A flow  chart  illustrating  the  steps  necessary  to  accomplish 
the  overall  research  objective  is  shown  in  Figure  1.  The 
procedures  used  to  determine  the  unloaded  and  loaded  pave- 
ment profiles  is  discussed  in  detail  in  this  section  and 
the  results  of  an  F-4  simulated  response  to  the  unloaded 
pavement  profile  are  presented  in  graphical  form. 

Unloaded  Pavement  Profile 

A 2100  ft.  section  of  taxiway  at  Eglin  Air  Force  Base, 
Florida  was  selected  as  a test  section.  The  pavement 
along  the  test  section  consisted  of  asphaltic  concrete 
with  a sand  asphalt  base.  Along  the  line  of  profile,  the 
asphaltic  concrete  varied  in  thickness  from  1 5/8"  to 
5 1/2"  and  the  sand  asphalt  base  was  from  5"  to  7 1/4" 
thick  (Ref.  1).  A 2100  ft.  straight  line  was  laid  off 
on  the  taxiway  and  painted.  The  taxiway  runs  in  a general 
east-west  direction  and  distances  along  the  line  were 
measured  from  a zero  point  at  the  west  end  of  the  line. 

A bench  mark  was  selected  on  a compass  pad  located  about 
50  ft.  west  of  the  zero  point  of  the  profile  line  and  a 
local  datum  was  established  as  100.00  ft.  elevation. 
Starting  at  point  zero  elevations  to  the  nearest  0.001 
ft  were  determined  at  2 ft.  intervals  along  the  2100  ft. 
test  section.  The  elevations  at  the  1051  points  deter- 
mined in  this  manner  established  the  unloaded  pavement 
profile.  The  unloaded  pavement  profile  data  were  then 
punched  on  computer  cards  for  input  to  TAXI  - the  air- 
craft dynamic  response  computer  code. 
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Loaded  Pavement  Profile 

The  loaded  pavement  profile  was  obtained  by  traversing  the 
test  section  with  a load  cart,  measuring  the  deflections 
at  two  foot  intervals,  and  subtracting  these  deflections 
from  the  corresponding  point  on  the  unloaded  pavement 
profile . 

The  load  cart  used  was  a truck  with  the  rear  axle  modified 
so  that  a 25,115  pound  single  wheel  load  was  applied  to  the 
pavement  using  an  F-4  main  gear  wheel.  The  aircraft  tire 
was  inflated  to  the  operational  pressure  of  250  psi.  The 
loaded  pavement  profile  obtained  using  the  load  cart  was 
expected  to  approximate  the  profile  actually  "seen"  by  an 
F-4.  Because  87.7%  of  the  gross  weight  of  an  F-4  is 
carried  by  the  main  gear  (Ref  2) , the  load  cart  simulated 
an  F-4  weighing  about  57,000  pounds  which  is  close  to  the 
maximum  take-off  weight  of  58,000  pounds  (Ref.  3)  of  an  F-4C. 

Pavement  deflections  were  measured  with  two  different  types 
of  measuring  devicees  (1)  linear  variable  differential  trans- 
formers ( LVDT ) and  (2)  light  emitting  diodes  (LED).  A 
detailed  discussion  on  the  use  of  LVDT's  for  measuring  pave- 
ment deflections  can  be  found  in  Reference  4.  The  LED  system 
has  only  recently  been  developed  for  the  AFCEC  and  a 
technical  report  has  not  been  published. 


The  LVDT  system  consisted  of  6 gages  mounted  on  a cantilever 
beam  which  was  supported  at  a point  outside  of  the  deflection 
basin.  This  system  was  used  to  measure  pavement  deflections 
in  a direction  perpendicular  to  the  direction  of  travel  of 
the  load  cart.  Deflections  were  measured  at  100  ft.  intervals 
over  the  2100  ft.  test  section.  The  deflections,  in  inches, 
measured  by  the  LVDT  system  are  tabulated  in  Table  1. 
Inspection  of  this  Table  indicates  that  the  position  of  the 
center  of  the  F-4  tire  with  respect  to  the  LVDT  beam  varied 
and  the  minimum  distance  from  the  center  of  the  10  inch 
wide  tire  to  the  closest  gage  was  8.5  inches  at  Station  2. 

To  predict  the  deflections  at  a point  2.5  inches  from  the 
edge  of  the  tire  (the  point  where  the  LED  measured  the 
deflections)  and  at  the  center  of  the  tire  (point  of 
maximum  deflection)  , regression  analysis  was  used  to  fit 
various  models  to  the  measured  LVDT  deflections  at  Station 
2.  The  models  selected  were  similar  to  those  used  previously 
for  similar  purposes  (Ref.  4)  and  those  currently  being  used 
(Ref.  5).  The  models  selected  are  illustrated  in  Figure  2 
along  with  the  LVDT  deflections  measured  at  Station  2. 

The  broken  lines  in  the  figure  indicate  the  area  of 
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FIGURE  1 FLOW  CHART  OF  COMPLETE  RESEARCH  EFFORT 


TABLE  1 


DEFLECTIONS  MEASURED  BY  LVDT  GAGES1  (inches) 


STATION  # 

OFFSET 

(in) 

LVDT  GAGE 

No . 

1 

2 

3 

4 

5 

6 

0 

14.5 

0.0369 

0.0294 

0.0170 

0.0079 

0.0031 

0.0011 

1 

12.0 

0.0341 

0.0268 

0.0170 

0.0077 

0.0030 

0.0008 

2 

8.5 

0.0487 

0.0379 

0.0238 

0.0109 

0.0030 

0.0008 

3 

15.0 

0.0339 

0.0267 

0.0159 

0.0067 

0.0025 

0.0007 

4 

10.0 

0.0429 

0.0311 

0.0204 

0.0099 

0.0041 

0.0014 

5 

10.25 

0.0144 

0.0131 

0.0096 

0.0055 

0.0027 

0.0010 

6 

12.0 

0.0288 

0.0238 

0.0148 

0.0072 

0.0031 

0.0013 

7 

10.25 

0.0237 

0.0197 

0.0127 

0.0063 

0.0027 

0.0027 

8 

9.5 

0.0303 

0.0237 

0.0149 

0.0065 

0.0024 

0.0009 

9 

10.5 

0.0259 

0.0197 

0.0120 

0.0053 

0.0022 

0.0009 

10 

10.0 

0.0283 

0.0210 

0.0124 

0.0049 

0.0020 

0.0007 

11 

9.0 

0.0208 

0.0172 

0.0105 

0.0057 

0.0028 

0.0014 

12 

11.0 

0.0216 

0.0176 

0.0093 

0.0048 

0.0023 

0.0009 

13 

10.0 

0.0150 

0.0120 

0.0076 

0.0024 

0.0013 

0.0007 

14 

10.0 

0.0146 

0.0119 

0.0078 

0.0043 

0.0022 

0.0010 

15 

9.5 

0.0131 

0.0117 

0.0078 

0.0043 

0.0022 

0.0010 

16 

8.75 

0.0149 

0.0110 

0.0084 

0.0035 

0.0014 

0.0005 

17N 

9.0 

0.0172 

0.0146 

0.0101 

0.0060 

0.0031 

0.0014 

17S 

8.6 

0.0149 

0.0135 

0.0098 

0.0061 

0.0031 

0.0014 

18 

11.0 

0.0150 

0.0119 

0.0083 

0.0049 

0.0024 

0.0010 

19 

11.5 

0.0181 

0.0145 

0.0080 

0.0039 

0.0023 

0.0011 

20 

9.74  , 

0.0249 

0.0169 

0.0094 

0.0040 

0.0014 

0.0008 

21 

8.9 

0.0284 

0.0212 

0.0141 

0.0075 

0.0035 

0.0012 

1 Offset  is  the  distance  from  gage  1 to  centerline  of  F-4  tire. 
Gage  spacing  was  as  follows:  between  gages  1 and  2,  3";  gages 

3 and  4,  9";  gages  4 and  5,  10 "1  gage  5 and  6,  10". 
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extrapolation.  Based  on  the  analysis  shown  in  Figure  2 
and  on  other  analyses,  it  was  decided  that  the  following 
two  equations  best  predicted  the  deflections: 


D(x)=8yX 


D(x)=Ae~B 


where 


D (x)  is  the  deflection  at  point  x and  x=0  at  the 
center  of  the  F-4  tire 

B,  y,  A,  B are  parameters  obtained  from  regression  analyses. 

Regression  analysis  was  carried  out  on  both  equations  (1)  and  (2) 
at  each  station.  For  each  station  the  parameters  obtained  from 
the  analyses  are  tabulated  in  Table  2.  By  using  these  equa- 
tions for  extrapolation,  an  estimate  can  be  obtained  for 
the  deflection  under  a wheel  given  the  deflection  at  a point 
outside  of  the  wheel. 

Deflections  along  the  2100  ft.  profile  were  needed  at  2 ft. 
intervals.  This  would  require  1051  different  set-ups  of  the 
LVDT  beam  - a time  consuming  and  expensive  procedure. 

Because  of  this,  it  was  decided  to  use  the  LED  deflection 
measuring  system  which  can  be  attached  to  a moving  vehicle 
and  deflections  can  be  measured  continuously. 

The  LED  system  does  not  measure  deflections  directly  but 
requires  that  the  actual  deflection  be  known  at  some  reference. 
This  reference  is  an  external  reference  and  must  be  obtained 
by  another  independent  or  external  measuring  system.  In  this 
case,  the  external  reference  was  provided  by  the  LVDT  deflec- 
tion which  were  taken  at  100  ft.  intervals  as  described 
previously.  The  procedure  used  to  determine  deflections 
using  the  LED  system  was  as  follows:  With  the  external 

reference  known  an  LED  reading  was  taken  at  the  same  point. 

The  load  cart  was  driven  along  the  test  section  and  the  LED 
recorded  changes  in  deflection  at  a sampling  rate  of  4 per 
second.  If  the  external  reference  indicated  that  the 
deflection  at  a point  was  0.100  inches  and  the  LED  reading 
at  another  point  was  -0.015  inches,  then,  by  subtracting 
algebraically,  the  deflection  at  the  second  point  as  deter- 
mined by  the  LED  system  was  0.115  inches. 
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TABLE  2 


CURVE  FITTING  PARAMETERS  FOR  LVDT  DEFLECTIONS 


STATION  NO. 

_ i 

Ae  B 

N 

X 

By3 

K2 

A1 

B 

N 

B2 

Y 

0 

0.0632 

32.658 

1.273 

0.1188 

1 

0.0580 

14.557 

1.050 

0.0774 

0.995 

2 

0.0661 

11.102 

0.976 

0.0740 

0.995 

3 

0.0636 

27.470 

1.237 

0.1176 

0.995 

4 

0.1161 

2.613 

0.594 

0.0744 

0.995 

5 

0.0155 

242.503 

1.757 

0.0286 

0.995 

6 

0.0394 

41.957 

1.325 

0.0666 

0.995 

7 

0.0300 

34.810 

1.271 

0.0446 

0.995 

8 

0.0423 

14.821 

1.067 

0.0511 

0.995 

9 

0.0365 

14.566 

0.945 

0.0481 

0.995 

10 

0.0469 

9.580 

0.981 

0.0491 

0.995 

11 

0.0253 

25.823 

1.181 

0.0341 

0.995 

12 

0.0320 

16.757 

1.051 

0.0434 

0.995 

13 

0.0202 

22.500 

1.185 

0.0269 

0.995 

14 

0.0200 

16.853 

1.038 

0.0266 

0.995 

15 

0.0143 

135.306 

1.636 

0.0236 

0.995 

16 

0.0273 

4.188 

0.699 

0.0231 

0.995 

17N 

0.0211 

21.234 

1.061 

0.0288 

0.995 

17S 

0.0161 

87.972 

1.444 

0.0249 

0.995 

18 

0.0310 

4.591 

0.673 

0.0304 

0.995 

19 

0.0264 

26.515 

1.228 

0.0385 

0.995 

20 

0.0688 

2.735 

0.658 

0.0404 

0.995 

21 

L „j 

0.0557 

3.516 

0.633 

0.0444 

0.995 

1 A is  the  deflection  (inches)  at  a point  at  the  edge  of  an 
F-4  tire. 


2 B is  the  deflection  (inches)  of  a point  at  the  center  of 

an  F-4  tire. 
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Although  elapsed  time  was  not  directly  recorded  on  the 
magnetic  tape  used  for  recording  LED  readings,  the  sampling 
rate  (4  per  second)  at  which  the  LED  data  was  recorded 
allowed  elapsed  time  to  be  determined.  In  addition, 
arrows  were  painted  on  the  profile  line  at  25  ft.  intervals 
and  as  the  load  cart  travelled  over  each  arrow,  an  event 
marker  was  triggered  manually  on  one  of  the  tape  channels. 

By  counting  the  number  of  LED  readings  between  successive 
event  signals,  the  time  it  took  the  load  cart  to  travel 
25  ft.  was  obtained.  Thus  the  average  velocity  of  the 
load  cast  over  that  particular  25  ft.  segment  of  the 
profile  was  known.  With  this  information,  individual  LED 
readings  could  be  coordinated  with  points  on  the  profile. 

Using  the  procedure  the  pavement  deflections  at  points 
7.5  inches  away  (measured  perpendicular  to  the  direction 
of  travel  of  the  load  cast)  from  points  used  to  establish 
the  unloaded  pavement  profile  were  determined. 

Table  3 is  a sample  listing  of  the  elevations  at  various 
points  along  the  (unloaded)  profile  and  the  deflections 
as  determined  by  the  LED  system.  The  unloaded  profile  can 
be  directly  inputted  to  the  TAXI  code  to  determine  the 
response  of  the  F-4  aircraft.  Since  the  LED  deflections 
are  deflections  at  points  7.5  inches  from  the  center  of  the 
F-4  tire,  Equation  (1)  or  (2)  must  first  be  applied  to 
estimate  the  deflection  at  the  center  of  the  tire.  Sub- 
tracting this  estimate  from  the  unloaded  profile  yields 
the  loaded  profile  which  then  can  be  inputted  to  TAXI 
to  determine  the  F-4  response  to  the  loaded  pavement 
profile . 

Response  of  F-4  Aircraft  to  Unloaded  Pavement  Profile 

Computer  code  TAXI  (Ref.  3)  simulates  the  dynamic  response 
of  an  aircraft  traversing  a rigid  profile  i.e.  the  program 
makes  no  provision  for  pavement  deflection.  The  user  has 
the  option  of  specifying  either  a constant  speed  taxi  or 
a take-off  simulation. 

The  length  of  the  profile  inputted  to  TAXI  is  increased  by  100 
ft.  of  horizontal  pavement  by  the  program  so  that  the  nose 
gear  traverses  the  entire  input  profile.  The  input  profile 
is  normalized  with  respect  to  the  first  input  elevation  point 
so  that  the  first  102  feet  of  the  profile  in  the  computer 
simulation  are  given  elevation  0.000  feet.  In  addition,  the 
elevations  are  normalized  with  respect  to  a straight  line 
drawn  from  the  first  input  elevation  and  the  elevation  of  a 
point  280  feet  from  the  end  of  the  input  profile.  This 
feature  is  for  output  plotting  purposes.  The  profile  is 
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then  represented  by  a series  of  functions  each  of  which 
applies  to  three  normalized  elevation  points  (4  ft.  of 
pavement  with  input  elevation  at  2 ft.  spacing) . The  slope 
at  the  beginning  of  each  segment  is  set  equal  to  the  slope 
at  the  end  of  the  previous  segment  thus  maintaining  a con- 
tinuous curve  between  adjacent  segments. 

The  aircraft  is  mathematically  modeled  as  a flexible  structure. 
Complete  details  of  the  mathematical  basis  of  the  code  are 
given  in  Vol.  1 of  Reference  1 along  with  aircraft  charac- 
teristics which  are  required  as  input. 

A simulation  run  of  a 57,000  pound  F-4C  traversing  the 
unloaded  Eglin  test  section  profile  at  a constant  speed 
of  100  ft.  per  second  was  carried  out  and  some  of  the  results 
of  the  simulation  are  shown  in  Figures  3-6.  Figure  3 is  a 
computer  plot  of  the  normalized  unloaded  profile  as  seen  by 
the  nose  gear  of  the  aircraft  in  the  simulation.  This 
normalized  profile  is  different  from  that  which  is  inputted 
but  the  results  of  other  computer  runs  indicate  there  is 
little  difference  in  aircraft  response  if  the  profile  is 
not  normalized  in  the  computer  code. 

Figures  4,  5,  and  6 are  plots  of  the  vertical  acceleration 
of  the  tail  section,  center  of  gravity,  and  the  pilot  station 
respectively,  of  an  F-4  as  it  traverses  the  unloaded  pave- 
ment profile  at  a constant  speed  of  100  ft.  per  second. 

These  plots  indicate  that  the  tail  section  experienced  the 
largest  acceleration  followed  by  the  pilot  station  and  the 
center  of  gravity.  This  is  a characteristic  of  the  aircraft 
and  is  not  unique  to  this  particular  unloaded  profile.  Plots 
such  as  those  shown  in  Figures  4-6  enable  the  roughest  sections 
of  the  profile  to  be  identified.  If  it  is  found  that  portions 
of  the  profile  are  too  rough  for  safe  operation,  and/or 
unacceptably  large  aircraft  structural  loads  result,  then 
appropriate  repairs  can  be  made  to  the  pavement.  Although 
there  is  no  universal  agreement  on  what  level  of  roughness 
is  unacceptable,  an  acceptable  upper  limit  of  +0.4  g.  has 
been  proposed  (Ref.  3). 

Recommendations  for  Future  Research  • 

A primary  objective  of  the  research  program  of  which  the  effort 
reported  here  is  a part,  is  to  determine  if  the  dynamic  response 
of  aircraft  is  significantly  different  when  traversing  unloaded 
and  loaded  pavement  profiles.  The  unloaded  and  loaded  pave- 
ment profiles  needed  in  making  this  determination  have  been 
obtained  on  2100  ft.  of  taxiway  at  Eglin  AFB.  To  meet  the 
primary  objective  the  following  recommendations  are  made: 
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Figure  4 Tail  Section  Vertical  Acceleration  Along 

Unloaded  Profile  for  F-4  Aircraft  Moving  at  100  ft/sec 
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Figure  5 Center  of  Gravity  Vertical  Acceleration 
Along  Unloaded  Profile  for  F-4  Aircraft  Moving  at 
100  ft/sec. 


irm 


1.  Run  several  simulations  of  the  F-4  aircraft  at 
different  constant  taxi  speeds  on  the  unloaded  and  loaded 
test  section  profiles. 

2.  For  each  speed  make  a statistical  comparison 
between  the  unloaded  and  loaded  profiles  of  the  magnitude  of 
pilot  station,  center  of  gravity,  and  tail  section  vertical 
acceleration. 

3.  The  statistical  test  must  be  performed  on  the 
frequency  of  occurrance  of  the  various  levels  of  vertical 
acceleration  and  not  on  the  mean  value  of  vertical  accele- 
ration (as  shown  in  Figures  4-6  the  mean  value  of  the 
acceleration  is  very  close  to  zero  as  is  expected  from  the 
oscillatory  motion  of  the  aircraft  while  taxiing) . 

4.  It  is  suggested  that  the  statistical  tests  described 
above  be  carried  out  on  individual  sections  of  the  profile 
e.g.  Compare  the  aircraft  response  in  the  first  100  ft.  of 
the  unloaded  and  loaded  profiles  and  the  second  100  ft.  etc. 
This  should  be  done  because  it  is  important  to  determine  if 
there  are  local  differences  in  response  as  well  as  if 
differences  occur  if  the  entire  profiles  are  taken  as  units. 
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Figure  6 Pilot  Station  Vertical  Acceleration 
Along  Unloaded  Profile  for  F-4  Aircraft  Moving  at 
100  ft/sec. 
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WIND  TUNNEL  EXPERIMENT  PROGRAM 
FOR  AERODYNAMICS  OF  MISSILES  AT  HIGH  ANGIE  OF  ATTACK 


by 

William  L.  Oberkanpf 


ABSTRACT 


A wind  tunnel  experiment  program  for  aerodynamic  measurements  on  a 
body  of  revolution  at  high  angle  of  attack  is  presented.  In  order  to 
determine  the  existing  data  base,  a thorough  literature  search  of  unclassi- 
fied documents  was  conducted.  Experimental  data  in  two  areas  of  missile 
aerodynamics  was  searched;  first,  aerodynamic  data  related  to  the  body 
vortex  flow  field,  and  second,  forces  and  moments  produced  by  body  and/or 
fins . From  a review  of  existing  data  it  was  determined  that  more  complete 
data  on  body  vortex  strength,  position,  and  core  size  for  supersonic  flow 
was  needed.  Wind  tunnel  facilities  at  NASA  Ames  Research  Center,  Arnold 
Engineering  Development  Center,  and  NASA  Langley  Research  Center  were 
evaluated.  It  was  concluded  that  the  experiments  should  be  conducted  in 
the  Von  Karman  Gas  Dynamics  Facility  40  x 40  in.  tunnel  at  AEDC.  Details  of 
required  flow  field  measurements , wind  tunnel  operating  conditions  and 
model  selection  are  presented. 
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I . INTRODUCTION 


Aerodynamics  of  missiles  at  high  angle  of  attack  has  become  increasingly 
important  for  modem  design  requirements.  Examples  of  this  are  high 
maneuverability  of  air-to-air  missiles  and  high  launch  angle  of  attack.  For 
the  case  of  low  angle  of  attack,  0°  to  5°>  the  flow  field  around  a missile 
can  be  generally  considered  as  an  inviscid  flow.  Viscous  effects  are  confined 
to  the  boundary  layers  on  the  wings,  fins,  body  and  in  the  base  region  of 
the  body.  These  viscous  effects  are  very  important  to  aerodynamic  drag,  but 
are  not  typically  important  when  considering  flight  stability.  At  high  angle 
of  attack  viscosity  produces  a marked  change  in  the  forces  and  moments 
acting  on  the  vehicle,  and,  consequently,  on  flight  stability. 

At  angles  of  attack  above  about  10°,  vortices  form  on  the  lee  side  of  the 
body  and  these  grow  in  strength  along  the  length  of  the  body  (Fig  1) . These 
body  vortices  affect  the  pressure  distribution  on  the  body,  wing  and  tail. 

This  typically  introduces  nonlinearities  in  the  forces  and  moments  and  can 
cause  the  missile  into  static  or  dynamic  instability.  At  angles  of  attack 
( eg  ) less  than  about  25°,  the  body  vortices  are  symmetric  with  respect  to 
the  angle  of  attack  plane.*  Above  25°,  but  below  about  60°,  the  vortices 
become  asymmetric  with  respect  to  the  angle  of  attack  plane  but  remain  steady 
for  a constant  roll  orientation  of  the  missile  (Fig  2) . The  particular  form 
of  the  asymmetric  condition  depends  on  such  tings  as  roll  orientation,  roll 
rate,  nose  shape,  and  minute  Irregularities  on  the  nose  tip.  Above  cK  = 6 0° 
the  body  vortex  wake  becomes  unsteady.  Vortices  are  shed  on  alternate  sides 
of  the  body  very  similar  to  the  classical  von  Karman  vortex  street. 

One  of  the  analytical  methods  which  has  been  developed  to  deal  with  high 
angle  of  attack  missile  aerodynamics  was  presented  by  the  author  in  Refs  1-3. 
This  technique  addresses  the  problem  of  symmetric  body  vortex  effects  on  the 
forces  and  moments'  produced  by  tail  fins . Research  Into  this  topic  will  be 
continued  by  the  author  under  sponsorship  of  the  Air  Force  Armament  Laboratory. 
This  work  will  be  ftinded  beginning  In  October  1976  as  part  of  the  Armament 
Laboratory's  6.1  Basic  Aerodynamics  Research.  The  objectives  of  the  summer 
research  program  were  designed  to  support  the  overall  objectives  of  the  planned 
three  year  funded  research  effort. 


II.  OBJECTIVES 


The  primary  objective  of  my  summer  research  program  Is  to  prepare  a wind 
tunnel  test  program  for  aerodynamic  measurements  on  missiles  at  high  angle  of 
attack.  The  phases  of  this  objective  are: 


* The  angle  of  attack  plane  is  defined  as  the  plane  passing  through  the  velocity 
vector  of  the  missile  center  of  gravity  and  the  centerline  of  the  missile  body. 
Referring  to  the  coordinate  system  shown  In  Fig.  1,  the  angle  of  attack  plane 
Is  the  (x,  z)  plane. 
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a.  Review  of  existing  experimental  data 

b.  Determination  of  required  experiment  conditions 


c.  Evaluation  of  wind  tunnel  facilities 

d.  Evaluation  of  wind  tunnel  models 

Hie  secondary  objective  of  the  research  program  is  to  become  acquainted 
with  aerodynamic  aspects  of  various  weapons  systems  being  considered  by  the 
Armament  Development  and  Test  Center. 


III.  REVIEW  OF  EXISTING  EXPERIMENTAL  DATA 


Missile  configurations  which  are  of  Interest  in  the  present  work  are 
pointed  circular  cylinder  bodies  with  and  without  tail  fins.  For  these 
configurations,  aerodynamic  data  related  to  the  body  vortex  flow  field 
and  forces  and  moments  produced  by  body  and/or  fins  was  sought.  The  Mach 
number  range  of  interest  is  from  M = .1  to  M = 4.  A thorough  literature 
search  was  conducted  as  the  first  step  in  reviewing  the  existing  experimental 
data.  A computerized  literature  search  of  DDC  documents  was  conducted 
through  the  AOTC  Technical  Library.  Using  fairly  broad  keywords  in  the 
computer,  the  search  yielded  approximately  400  unclassified  titles  and 
abstracts.  In  the  computer  search  the  age  of  the  documents  was  not  limited 
so  that  reports  dating  back  into  the  1940' s were  identified.  Classified 
documents  were  not  searched  because  the  funded  research  for  AFATL  will  not 
be  classified  and  research  findings  will  be  published  in  the  open  literature. 

f 

Of  the  400  titles  and  abstracts  reviewed,  about  40  are  believed  to  con- 
tain useful  data  for  the  present  research.  Many  of  these  documents  were 
available  at  the  Technical  Library  and  copies  have  been  obtained.  The  re- 
maining documents  were  ordered  from  DDC  and  almost  all  have  been  received 
to  date. 

Reports  of  interest  were  also  suggested  by  colleagues  working  in  the 
field.  Colleagues  at  AFATL  who  assisted  me  in  this  regard  were  Dr.  Donald 
Daniel  (Special  Assistant  to  the  Commander) , Mr.  Carrol  Butler  (DIMA),  and 
Mr.  Mickey  Rogers  (DIMA).  At  the  U.S.  Amy  Missile  Command,  Huntsville,  AL, 
Mr.  Raymond  Deep  (RDK)  and  Dr.  Donald  Spring  (RDK)  were  very  helpful.  Almost 
all  of  the  reports  suggested  by  these  associates  were  applicable  to  the 
present  research. 
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It  should  be  mentioned  that  almost  all  of  the  titles,  abstracts  and 
reports  examined  were  new  to  the  author.  This  is  due  to  the  limited 
distribution  that  most  of  these  reports  receive.  The  author  knows  the  open 
literature  fairly  well  but  this  type  data  rarely  appears  in  the  open 
literature . 

About  50  documents  were  reviewed  in  detail  in  order  to  determine  the 
status  of  the  existing  data  base.  Specific  types  of  important  data  that 
were  found  are  the  following.  A large  amount  of  data  on  fin  contribution 
to  normal  force  and  pitch  moment  was  found.  A fair  amount  of  roll  moment 
data,  such  as  roll  damping  moment  and  induced  roll  moment,  was  found.  Little 
data  was  found  on  fin  induced  side  force  and  moment.  Very  important  data 
on  individual  fin  forces  and  moments  in  the  presence  of  the  body  was  found. 
This  data  exists  for  a large  number  of  cruciform  fin  planforms.  A large 
amount  of  isolated  fin,  i.e.,  single  fin  on  a reflection  plane  mount,  data  was 
also  found.  Almost  all  of  the  above  mentioned  data  is  for  tX  up  to  30°  and 
for  Mach  numbers  in  the  range  .5  to  3.0.  Sane  of  the  data  is  for  cX  up  to 
180°. 

Only  one  report  (Ref  4)  was  found  which  presented  data  for  the  strength 
and  position  of  the  body  vortices.  A laser  Doppler  velocimeter  was  used  to 
measure  the  cross-flow  plane  velocity  components  for  two  angles  of  attack. 
Measurements  were  made  at  two  body  length  positions  and  at  only  one  speed  of 
6l  f/s.  This  is  very  important  data  for  analytical  flow  model  development, 
but  much  more  data  of  this  type  is  needed. 


IV.  DETERMINATION  OF  REQUIRED  EXPERIMENT  CONDITIONS 


f 

The  determination  of  the  required  experiment  conditions  is  based  on  two 
factors:  first,  data  needed  as  input  to  the  analytical  method,  and  second, 

data  needed  to  verify  the  accuracy  and  applicability  of  the  analytical  method. 

For  the  analytical  approach  taken  by  the  author  in  Refs.  1-3,  the  required 
input  data  for  the  theory  is:  body  vortex  strength,  position,  and  core  size; 

for  subsonic  flow,  isolated  fin  normal  force  vs  ; for  supersonic  flow,  flow 

separation  point  on  the  low  pressure  side  of  the  fin  vs  o<  . To  rigorously 
verify  the  theoretical  predictions,  strain  gauge  measurements  of  pitch  plane 
and  side  plane  forces  and  moments  and  roll  moments  are  needed. 

By  conparing  the  existing  experimental  data  discussed  in  the  previous 
section  with  the  theoretical  requirements  discussed  in  the  last  paragraph, 
conclusions  can  be  made  concerning  the  required  wind  tunnel  experiments.  The 
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most  serious  deficiency  in  existing  data  is  in  detailed  information  on  the 
body  vortex  wake.  In  incompressible  flow  there  have  been  a few  investi- 
gations, Refs.  4-6,  and  in  supersonic  flow  there  has  only  been  one,  Ref  7» 
which  measured  vortex  strength.  The  data  on  fin  alone  configurations  appears 
sufficient  to  obtain  the  required  input  data  for  the  theory.  Concerning 
verification  of  theoretical  predictions,  it  appears  certain  that  sufficient 
data  is  available  to  validate  the  theory.  Therefore,  the  wind  tunnel 
program  should  concentrate  solely  on  detailed  flow  measurements  of  the  body 
vortices  in  supersonic  flow. 


Consider  the  details  of  what  flow  field  data  needs  to  be  taken.  Recall 
that  the  required  input  data  for  the  theory  is  vortex  strength,  position, 
and  core  size.  The  strength  of  a concentrated,  i.e.,  primary,  vortex  is 
calculated  by  numerically  evaluating  the  contour  integral 


'r*-i 


where  is  the  vortex  strength,  V = vj  + w£  is  the  cross-flow  plane 

velocity,  and  3s  is  the  differential  unit  vector  tangent  to  the  closed 
contour  Q.  The  contour  Q must  only  include  the  concentrated  vortex  and 
not  vorticity  from  the  vortex  feeding  sheet.  Let  the  circulation  in  the 
feeding  sheet  be  denoted  as  , then  the  total  circulation  Q in  one- 
half  plane  of  the  wake  is 


The  center  of  the  concentrated  vortex  is  defined  as  the  point  at  which 
vj* + wTc  = o , that  is , only  the  axial  velocity  component  is  nonzero . The 
radius  of  the  concentrated  vortex  core  rc  is  defined  as  the  radius  of  the 
circle  on  which 


dr 


= O 


where  Ve  is  the  tangential  velocity  component  of  the  concentrated  vortex, 
and  r is  the  radial  position  from  the  vortex  center. 


To  calculate  Tc  , Ta  and  r from  the  measured  cross-flow 
velocity  components, '"the  flow  mapping  grid^ust  be  relatively  fine.  The  grid 
used  by  Mello,  Ref.  7,  was  fairly  rough.  Me  measured  the  velocity  components 
with  spatial  increments  (Ay,  4.  z)  of  .25  , where  is  the  radius  of 


1 1 
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the  body.  Fldler,  Schwind  and  Nielsen,  Ref.  4,  used  a somewhat  finer  grid 
with  spatial  resolution  of  about  .18  r^.  Based  on  these  experiments,  a grid 
resolution  of  .125  rv  should  yield  good  results.  A grid  with  .125  r^ 
resolution  is  shown  in  Fig.  3.  Also  shown  in  Fig.  3 is  the  approximate 
region  of  concentrated  vortex  centers  for  all  e* ' s and  body  lengths . For 
small  or  body  length  the  vortex  center  is  near  the  bottom  of  the 

region  and  for  large  e*  or  body  length  the  center  is  near  the  top  of  the 
region.  In  order  to  minimize  the  number  of  grid  points  surveyed,  three 
different  size  survey  regions  could  be  used.  These  are  denoted  in  Fig.  3 as 
Region  1,  2,  and  3.  The  number  of  grid  points  in  each  region  is,  respectively, 
75,  147,  and  291. 


Based  on  previous  experimental  data,  the  angles  of  attack  that  should 
be  surveyed  are  10°,  15°,  20°,  and  25°.  This  will  yield  sufficient  data  for 
interpolation  and  extrapolation  for  other  angles  of  attack.  At  these  's, 
different  body  stations  should  be  surveyed  because  the  vortex  strength 
increases  with  body  length  until  asynmetry  occurs.  Using  a 15  caliber  body 
(including  nose)  the  recoirmended  combination  of  ©<  *s  and  body  lengths  for 
flow  surveys  is  shown  in  Table  I.  Using  the  schedule  shown  in  Table  I, 
three  body  stations  would  be  surveyed  for  each  ck  . This  would  allow 
quadratic  interpolations  of  data  for  other  body  stations. 

If  the  three  different  size  survey  regions  shown  in  Fig.  3 are  used, 
respectively,  for  the  three  body  stations  shown  in  Table  I,  then  a total 
of  513  points  would  be  surveyed  for  each  cA  . For  the  4 angles  of  attack 
this  would  total  2052  points  for  each  Mach  number  and  Reynold  number. 

Existing  data.  Ref.  7,  on  the  body  vortex  is  for  only  one  Mach  number, 

M =»  2,  and  one  Reynolds  number  (R^)  based  on  body  diameter.  As  a result, 
there  is  not  experimental  indication  of  sensitivity  of  vortex  characteristics 
with  M or  Rd.  Experience  with  other  supersonic  viscous  flows  indicates 
that  the  vortex  parameters  should  not  change  drastically  with  M or  R^. 
Therefore,  it  is  planned  that  only  two  Mach  numbers  and  two  Reynolds  numbers 
be  tested.  One  Mach  number  should  be  in  the  range  1.5  to  2.0  and  the  other 
should  be  in  the  range  2.5' to  3.0,  depending  on  the  particular  wind  tunnel 
used.  The  Reynolds  numbers  should  be  near  the  maximum  and  minimum  of  the  wind 
tunnel  facility  in  order  to  obtain  the  greatest  variation. 


V.  EVALUATION  OF  WIND  TUNNEL  FACILITIES 


Three  government  owned  wind  tunnel  facilities  were  evaluated.  These 
facilities  were  NASA  Ames  Research  Center,  Moffett  Field,  CA,  Arnold  Engineering 
Development  Center,  Arnold  AF  Test  Station,  TN,  and  NASA  Langley  Research 
Center,  Hampton  ,VA.  Each  of  these  facilities  was  evaluated  on  the  basis  of 


the  following  requirements*.  Mach  number  range,  1.5  to  3.0,  Reynolds 
number  (based  on  body  diameter)  greater  than  .5  x 10°,  and  detailed 
flow  measuring  instrumentation. 

A facilities  manual  for  each  installation  was  obtained  in  order  to 

; determine  operating  characteristics  of  each  wind  tunnel.  Based  on  the 

requirements  listed  above  the  candidate  wind  tunnels  at  each  of  the 
facilities  are:  NASA  Ames,  9 x 7 ft  and  6 x 6 ft;  AEDC,  Von  Kaiman  Gas 
Dynamics  Facility,  40  x 40  in  (tunnel  A)  and  12  x 12  in  (tunnel  D); 

NASA  Langley,  Unitary  Plan  4 x 4 ft.  Shown  in  Table  II  is  the  Mach 
number  range  and  the  corresponding  maximum  Reynolds  number  for  the  candidate 
tunnels.  The  maximum  Reynolds  number  was  calculated-  by  making  the 
following  assunptions : = 25°,  body  length/diameter  = 15,  and  the 

body  at  spanned  one-half  of  the  tunnel  height . 

The  remaining  comparison  to  be  made  between  the  five  wind  tunnels  is 
flew  field  survey  instrumentation.  Because  the  least  information  was 
known  about  the  NASA  Langley  4x4  ft,  NASA  personnel  at  the  4 x 4 ft 
were  contacted  by  telephone  before  a visit  was  planned.  The  flow  field 
instrumentation  of  the  4 x 4 ft  was  discussed  with  Mr.  W.A.  Corlett.  He 
explained  that  flow  field  surveys  were  done  very  rarely  at  Langley.  Laser 
velocimeter  or  hot  wire/hot  film  instrumentation  was  not  available  at 
Iangley.  The  only  method  of  making  the  flow  field  survey  would  be  by  means 
of  a conical  pressure  probe.  He  also  explained  that  Langley  was  under 
severe  electrical  power  restrictions  so  that  maximum  Reynolds  number  operation 
required  very  high  priority.  For  these  reasons,  the  NASA  Langley  4 x 4 ft 
was  eliminated  from  the  candidate  list. 

In  order  to  obtain  more  detailed  information  on  the  instrumentation  of 
NASA  Ames  and  AEDC,  these  facilities  were  visited  by  the  author.  Ames  was 
visited  on  July  19  and  20,  and  AEDC  was  visited  on  July  27  and  28. 

Personnel  at  Ames ' contacted  concerning  the  flow  field  survey  were:  Dr. 

Gary  Chapman,  Dr.  Kevin  Owen,  Dr.  William  Rose,  and  Dr.  William  Bachalo. 

During  the  Ames  visit,  three  types  of  flow  field  survey  instrumentation  were 
discussed:  Laser  velocimeter  (LV),  hot  wire  and  hot  film  (HW,  HF),  and  conical 

pressure  probe.  Personnel  at  Ames  were  convinced  that  the  best  way  to  make 
the  survey  measurements  was  by  means  of  an  LV  system.  They  reluctantly 
admitted,  however,  that  there  were  still  serious  hurdles  that  had  to  be  cleared 
before  high  speed  vortex  type  flows  could  be  probed  with  an  LV.  They  felt  it 
was  possible  to  make  accurate  flow  survey  measurements  with  HW  and  HF 
systems  but  they  were  not  particularly  interested  in  pursuing  this  approach. 
Concerning  the  conical  pressure  probe,  they  felt  that  this  technique  was 
unacceptable  because  of  the  influence  of  the  probe  on  the  existing  flow. 

They  made  these  comnents  even  without  discussing  specific  sizes  of  conical 
probes  relative  to  body  vortex  size. 
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I Personnel  at  AEDC  contacted  concerning  the  flow  field  survey  were: 

Mr.  Jim  Jacocks,  Mr.  William  Baker,  Dr.  William  Tledennan,  Mr.  Jim  Useltcn, 

Mr.  Dick  Matthews,  Dr.  Joe  Donaldson,  Mr.  Don  Gray,  Mr.  Andy  Anerson, 
and  Mr.  Jerry  Jones.  The  same  three  types  of  instrumentation  as 
mentioned  earlier  were  discussed  with  the  personnel  fran  AEDC.  These  indivi- 
duals were  more  specific  in  discussing  the  problem  areas  of  LV  systems  for 
high  speed  flow.  The  serious  problem  areas  discussed  are  the  following. 

I First,  the  size  of  the  seed  particles  becomes  critical  in  highly  accelerating 

or  deccelerating  flows.  In  a body  vortex  the  particles  will  tend  to  be 
centrifuged  away  from  the  vortex.  This  could  produce  an  erroneous 
, measurement  because  one  measures  the  particle  speed  and  not  the  flow  speed. 

Second,  if  smaller  particles  are  seeded  in  the  flow  to  avoid  the  centrifuge 
problem  , then  the  scattered  return  from  the  particles  decreases.  Third, 
particles  seeded  in  the  freestream  flow  may  not  enter  the  body  vortex  in 
sufficient  quantities  for  reliable  measurements.  One  way  of  possibly 
eliminating  this  problem  would  be  to  seed  the  vortex  core  fran  the  body. 

This  technique  has  never  been  attempted  before.  Fourth,  the  shape  of  the 
measurement  volume  is  typically  longer  for  high  speed  flows  that  for  low 
speed  flows.  This  is  due  to  the  decrease  in  subtended  angle  betwen  the 
laser  beams  for  high  speed  flow  vs  low  speed  flow.  For  three  dimensional 
flow  fields  such  as  considered  here,  this  could  produce  a spatial  resolution 
error.  And  fifth,  two  Independent  LV  measurements  must  be  made  to  obtain 
the  three  dimensional  velocity  components . One  measurement  is  made  to  obtain 
(u,  w)  components  by  directing  the  laser  in  the  y - direction.  One  measurement 
Is  made  to  obtain  (u,  v)  components  by  directing  the  laser  in  the  z- 
direction.  These  two  Independent  measurements  must  be  matched  back  together 
at  the  same  spatial  point  in  order  to  obtain  the  desired  (v,  w)  components. 

This  procedure  has  not  been  done  before. 

Because  of  these  serious  problem  areas  yet  to  be  solved,  It  is  con- 
cluded that  the  laser  velocimeter  not  be  used  for  the  flow  field  survey.  The 
LV  technique  holds  considerable  promise  for  the  future  but  these  measurements 
do  not  appear  to  be  at  hand  for  high  speed  body  vortex  flow. 

Hot  wire  and  hot  film . instrumentation  was  also  discussed  at  length  with 
AEDC  personnel.  VKF  personnel  have  had  limited  experience  with  HW  measurements 
in  supersonic  flow.  They  have  made  successful  turbulence  measurements  in  M=6 
and  8 boundary  layer  flows.  Sane  of  the  problem  areas  discussed  concerning 
HW  flow  field  surveys  are  the  following.  First,  hot  wires  are  extremely 
fragile  and  there  could  be  serious  problems  in  maintaining  a hot  wire  in  high 
dynamic  pressure  flow.  Second,  if  a wire  could  be  maintained  then  there  is 
the  problem  of  wire  strain  causing  erroneous  readings.  Third,  an  HW  actually 
measures  mass  flow  rate  per  unit  area,  i.e. , f>\i.  To  obtain  the  desired 
velocity  component,  the  density  must  be  determined  in  the  flow  field  survey 
region.  This  could  be  done  by  measuring  static  temperature  and  pressure  and 
then  calculating  density. 


I 


6-11 


Considering  the  problem  areas  of  HW's  mentioned  above,  a hot  film 
wedge  probe  appears  to  be  the  most  premising.  This  type  of  probe  occurred 
to  the  author  after  the  visit  to  AEDC  and  has  not  been  discussed  with  them. 

An  HF  wedge  probe  is  one  which  has  an  electrically  conducting  film  on  a 
wedge  shaped  ceramic  substrate.  An  HF  wedge  probe  does  not  suffer  from 
the  first  two  problem  areas  mentioned  above  but  still  must  overcome  the 
third.  The  HF  wedge  probe  is  very  rugged  and,  therefore,  difficult  to  break. 
Because  it  is  mounted  on  a solid  ceramic  backing  there  are  no  problems  with 
signal  distortion  due  to  strain. 

Conical  pressure  probes  were  also  discussed  with  the  AEDC  personnel. 

They  were  certain  that  this  technique  was  the  simplest  and  most  reliable 
technique  of  the  three  considered.  They  regularly  use  the  cone  probe  to 
survey  flow  fields  of  various  flight  vehicles.  They  stated  that  they  could 
measure  flow  angularity  to  a precision  of  ± .2°.  The  serious  question 
with  the  cone  probe  is  related  to  the  size  of  the  probe  relative  to  the 
spatial  velocity  gradients.  An  accurate  measurement  with  the  cone  probe 
assumes  that  the  variation  of  the  velocity  field  across  the  diameter  of  the 
cone  is  negligibly  small.  For  example,  suppose  the  radius  of  the  vortex 
core  is  ,5i*b  and  the  diameter  of  the  cone  probe  is  .irb.  For  a strong 
body  vortex,  the  change  in  flow  angularity  from  the  vortex  center  to  the  edge 
of  the  core  is  typically  20°.  Since  in  the  core  of  the  vortex  the  velocity 
profile  is  roughly  linear,  the  flow  angularity  would  change  by  4°  over  the 
width  of  the  cone.  This  size  error  is  considered  unacceptable  for  the  planned 
experiment . 

From  all  of  the  discussions  with  experimentalist  at  Ames  and  AEDC,  it 
is  concluded  that  a hot  film  wedge  probe  is  the  most  promising  technique  for 
the  flow  field  survey.  It  must  be  studied  in  more  detail  but  it  does  appear 
to  be  the  best  ccmprcmise  between  speculative  techniques  and  accuracy. 

Now  consider  a comparison  of  instrumentation  facilities  of  the  Ames  9 x 7 ft 
and  the  6 x 6 ft.  As  far  as  HF  instrumentation  differences  between  the 
9 x 7 ft  and  the  6 x 6 ft,  there  is  essentially  none.  The  model  sting  and 
instrumentation  support  would  be  very  similar  for  each  tunnel.  Because  of  the 
larger  Reynolds  number  and  slightly  higher  maximum  Mach  number,  the  9x7 
would  be  preferred  over  the  6x6. 

Canparing  the  AEDC  40  x 40  in.  to  the  12  x 12  in  , the  40  x 40  in.  is 
clearly  superior  for  the  following  reasons:  first,  the  larger  Reynolds  number 

of  the  40  x 40,  second,  the  12  x 12  is  not  a continuous  flow  tunnel,  and  third, 
the  12  x 12  does  not  have  a captive  trajectory  separation  (CTS)  system.  The 
CIS  system  was  developed  for  studying  separation  of  two  vehicles,  comnonly 
weapons  separation.  The  CTS  system,  however,  is  also  used  to  mount  probes  of 


various  instrumentation.  For  the  planned  experiments , the  HF  wedge  probe 
would  be  mounted  on  the  CTS  system.  Accurate  spatial  and  angular  positioning 
can  be  accomplished  by  means  of  the  six-degree-of-freedun  CTS.  The  CTS 
system  is  computer  controlled  so  that  the  desired  spatial  and  angular 
coordinates  of  the  probe  would  be  pre-programmed . It  is  seen  that  the  CTS 
system  has  significant  advantages  over  a manual  or  semi-automatic  positioning 
system. 

Consider  a comparison  of  the  Ames  9 x 7 ft  and  the  AEDC  40  x 40  in. 

The  9x7  has  a factor  of  2 higher  Reynolds  number  capability,  depending 
on  the  Mach  number.  The  quality  of  the  flow,  i.e.,  flow  angularity  and 
free  stream  turbulence  level,  in  the  40  x 40  is  documented  in  the  AEDC 
Facilities  Handbook.  But  no  such  data  could  be  obtained  on  the  9x7. 

As  a result,  no  comparisons  can  be  made  in  this  regard.  Personnel  at  both 
facilities  have  experience  with  HW  probes  but  not  with  HF  wedge  probes. 

The  CTS  system  at  AEDC  is  most  impressive  for  flow  field  survey  type  work  and 
must  be  weighed  heavily.  Personnel  at  Ames  felt  the  only  way  in  which  to 
make  the  measurements  was  with  an  LV  system.  Combining  their  lack  of  interest 
in  considering  an  HF  system  with  the  fact  that  they  are  not  a service  type 
organization  as  AEDC,  one  must  be  pessimistic  about  the  outcome.  Weighing 
all  of  these  factors  it  is  concluded  that  the  wind  tunnel  experiments  should 
be  made  in  the  AEDC  40  x 40  in.  tunnel. 

Consider  an  estimate  of  the  tunnel  time  that  would  be  reauired  for  the 
planned  experiments.  During  my  visit  to  AEDC,  the  time  required  by  the  CTS 
system  to  make  the  measurements  was  discussed.  Based  on  their  "quick  look" 
at  the  measurements,  they  estimated  that  one  grid  point  measurement  would 
require  between  10  and  20  sec.  Using  the  number  of  grid  points  calculated 
earlier,  2050,  this  results  in  6 to  12  hours  per  Mach  number  and  Reynolds 
number.  Assuming  two  Mach  numbers  and  two  Reynolds  numbers,  one  has  24  to 
48  hours.  About  8 hours  tunnel  time  should  be  allowed  for  such  things  as: 

HF  calibration,  HF  replacement,  model  and  sting  adjustments,  checks  on  the 
CTS  system,  etc.  'This  results  in  an  estimated  tunnel  time  of  32  to  56  hours. 

During  my  visit  to  AEDC  I talked  with  Lt.  Col.  Chauncy  Smith  (Chief, 

Test  Div.  of  VKF)  concerning  wind  tunnel  costs.  For  the  type  of  wind  tunnel 
experiments  planned,  he  estimated  that  the  cost  of  wind  tunnel  time  in  the 
40  x 40  in.  would  be  about  $1500/hr.  For  the  estimated  32  to  56  hours,  this 
means  that  the  planned  experiments  will  cost  from  $48,000  to  $84,000. 


EVALUATION  OF  WIND  TUNNEL  MODELS 


A rather  simple  wind  tunnel  model  is  needed  for  the  planned  experiments. 
Under  the  model  size  assumptions  stated  earlier,  it  is  seen  from  Table  II 


that  a model  diameter  near  3.0"  would  be  appropriate  for  the  40  x 40  in. 
tunnel.  The  length  to  diameter  ratio  would  be  15.  Hie  model  should  be  able 
to  accept  different  nose  shapes  for  possible  future  experiments. 

The  only  existing  model  which  roughly  fits  these  requirements  is  the  one  owned 
| , by  NASA  Marshall  Space  Plight  Center,  Huntsville,  AL.  During  my  visit  to 

U.S.  Army  Missile  Corrmand,  Huntsville,  AL,  Dr.  Donald  Spring  indicated  that 
he  could  arrange  loan  of  the  model  for  the  planned  work.  The  model  has  a 
diameter  of  2.0  inch  and  a length  to  diameter  ratio  of  10.  The  length  of  the 
model  can  be  easily  increased  by  inserting  a body  plug.  This  model  has  been 
used  in  the  40  x 40  in.  tunnel  so  that  all  mounting  fixtures  are  already 
available.  The  only  possible  problem  with  the  model  is  the  diameter  may  be 
smaller  than  necessary.  This  question  will  be  resolved  after  discussions 
with  personnel  from  AEDC.  If  the  result  of  these  discussions  is  that  a 3-0  in. 
model  could  be  used,  then  a new  model  will  be  constructed  by  AFATL. 

VII.  FAMILIARIZATION  WITH  WEAPONS  SYSTEMS  AERODYNAMICS 


In  order  to  obtain  a broader  understanding  of  the  aerodynamics  work 
conducted  within  ADTC,  several  informal  meetings  were  set  up  with  various 
individuals.  Dr.  Donald  Daniel  arranged  the  meetings  with  five  individuals 
in  the  Armament  Laboratory,  one  person  in  Armament  Systems  and  one  in 
Development  Plans.  An  overview  of  ADTC  aerodynamics  work  will  enhance  my 
ability  to  contribute  to  the  long  range  needs  of  the  Air  Force.  Mr.  Ken  Cobb 
(Ballistics  Branch,  DLDL)  discussed  various  flight  dynamics  and  flight  control 
projects  he  has  worked  on  recently.  He  explained  seme  of  the  aerodynamics 
predictive  techniques  and  6-DOF  procedures  used.  Mr.  Charley  Mathews 
(Aircraft  Compatibility  Branch,  DLJC)  gave  an  excellent  overview  of  the  work 
in  his  branch.  Weapons  release  and  aerodynamic  heating  problems  were  discussed 
in  3cme  detail.  Mr.  Fred  Howard  (Air-to-Air  Missiles  Branch,  DIMI)  discussed 
the  aerodynamic  and  intercept  aspects  of  air-to-air  missiles.  The  aerodynamics 
of  the  new  winged  body  with  elliptic  cross-section  proved  to  be  very  fascinating. 
Mr.  Carrol  Butler  (Systems  Analysis  Branch,  DIMA)  explained  the  short  term  and 
long  term  aerodynamics  research  trends  of  not  only  DIM  but  also  the  Armament 
Laboratory.  His  discussion  concerning  how  the  Armament  Laboratory  determines 
its  basic  research  (6.1)  and  exploratory  development  (6.2)  efforts  was  most 
interesting.  Mr.  Otto  Heiney  (Ballistics  Branph,  DLDL)  discussed  a specific 
problem  associated  with  internal  ballistics.  A persistent,  problem  with 
determining  projectile  friction  in  a gun  barrel  was  discussed  in  detail.  I was 
able  to  trace  the  problem  to  the  data  reduction  procedure  and  thereby  make  a 
direct  and  immediate  contribution. 
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Mr.  Mike  Bouffard  (GBU-15  Program  Office,  SD-15)  explained  the  general 
operational  characteristics  of  the  GBU-15  glide  bomb.  Sane  of  the  aerodynamics 
and  flight  dynamics  work  was  discussed. 

Mr.  Edward  Bradley,  (Development  Plans,  XR)  presented  an  overview  of 
the  aerodynamics  work  conducted  In  Development  Plans.  The  aerodynamic  aspects 
of  air-to-air  and  air-to-surface  missile  systems  of  the  next  ten  to  twenty 
years  were  discussed. 


VIII.  PLANS  FOR  SECOND  AND  THIRD  YEAR  OF  FUNDED  RESEARCH 


By  the  beginning  of  the  second  year  of  work  the  status  of  the  theore- 
tical and  experimental  work  should  be  as  follows.  Improvements  in  the  body 
alone  flow  model  will  be  completed.  The  theory  for  predicting  all  forces 
and  moments  on  a general  planform  fin  should  be  complete.  The  theory 
will  be  applicable  to  the  syirmetric  wake  problem  and  Mach  numbers  in  the 
range  .1  to  .6  and  1.5  to  The  wind  tunnel  experiments  will  be  completed 
and  the  data  analyzed.  Wind  tunnel  data  on  the  body  vortices  will  have  been 
incorporated  in  the  bodv  alone  flow  model. 


The  second  year  of  work  will  extend  the  theory  for  the  body  alone 
flow  field  and  the  theory  for  fin  forces  and  moments  to  the  case  of  asym- 
metric vortices.  As  was  mentioned  in  the  Introduction,  the  case  of 
asynmetric  vortices  Is  conplicated  not  only  by  the  large  number  of  vortices 
in  the  wake  but  also  by  the  fact  that  the  flow  is  extremely  sensitive  to 
minute  irregularities  in  the  nose  tip.  This  results  in  changes  of  the 
asymmetric  flow  with  nose  roll  angle.  In  extending  the  body  alone  flow 
model, to  the  asymnetric  case,  this  occurence  must  be  acounted  for  in  some 
empirical  fashion.  The  prediction  of  fin  forces  and  moments  will  also  be 
more  difficult  than  the  first  year's  work  because  the  angle  of  attack  of 
the  fins  will  be  significantly  higher.  These  very  large  fin  angles  of 
attack  will  cause  strong  three-dimensional  flows  over  the  fin.  In  supersonic 
flow  a complex  Interaction  of  attached  and  detached  shock  waves  with 
separated  flows  will  occur.  The  pace  and  success  of  the  theoretical  work 
during  the  second  year  is  uncertain. 


Depending  on  the  success  of  the  second  year's  work,  the  third  year 
of  work  will  again  consider  the  symmetic  vortex  wake  but  for  more  complex 
missile  configurations.  The  problem  to  be  attacked  Is  force  and  moment 
prediction  on  wing-body-fin  configurations.  Forces  and  moments  on  wing-body^ 
fins  at  low  angle  of  attack  have  been  studied  for  many  years.  The  proposed 


work  for  the  third  year  will  consider  supersonic  flow  for  the  high  angle 
of  attack  range  (10°<o<  < 25°).  To  study  this  problem,  a major  change 
in  the  theoretical  approach  of  the  first  year  will  be  required.  That  is, 
the  path  of  the  body  vortices  and  wing-tip  vortices  must  be  calculated  down 
the  length  of  the  body.  These  vortices  Interact  with  each  other  and  with 
the  body  flow  field  thereby  yielding  a significantly  more  complex  problem 
than  the  body  alone  flow  field.  Dillenius  and  Nielson  (Ref.  8)  have  recently 
worked  this  problem  (canard-body-fins)  and  have  met  with  limited  success. 

It  is  expected  that  the  author's  progress  on  this  problem  during  the  third 
year  will  also  be  slow. 
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TABLE  I 

ANGLES  OF  ATTACK  AND  BODY  STATIONS  FOR  FLOW  FIELD  SURVEY 


Angle  of  Attack 
(Leg) 


Body  Station 

(x/d) 


10 

15 

20 

25 


7,  11,  15 
5,  10,  15 
4,  8,  12 
4,  7,  10 
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ABSTRACT 


A thorough  understanding  of  the  Interaction  of  mill Imeter-waves 
with  various  types  of  snow  and  ice  is  needed  before  appropriate  target 
discrimination  techniques  in  the  presence  of  snow  covered  terrain  can 
be  developed. 


In  this  report,  the  reflection  coefficients  for  vertical  and 
horizontal  polarizations  are  calculated  for  air-ice,  air-snow,  and 
air-water  Interfaces  using  representative  values  for  the  electrical 
parameters  of  snow,  ice,  and  water,  found  In  current  literature. 
Further  calculations  are  initiated  for  the  reflection  from  a layer  of 
snow,  ice  or  water  on  a soil  substrate. 

An  experiment  is  outlined  to  verify  the  results  of  the  preceding 
calculations,  and  subsequent  9now  models  which  take  the  surface 
roughness  into  effect  are  proposed. 
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OBJECTIVES  AND  SCOPE 


The  main  objective  of  the  present  study  Is  to  understand  the 
effect  of  snow  covered  terrain  on  target  signatures  at  Millimeter- 
Wave  lengths. 

The  specific  steps  to  achieve  this  objective  are  outlined  as 
follows: 

1.  Initial  calculations  to  Investigate  the  scattering,  the  dielec- 
tric constant  and  the  loss  tangent  of  snow,  ice,  and  water,  using  a 
simple  geometrical  configuration. 

2.  Formulation  of  more  detailed  models  taking  surface  roughness 
into  account. 

3.  Planning  and  implementation  of  an  experiment  to  verify  the 
analytical  models. 
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INTRODUCTION 


Recent  measurements  (ref.  1,  2)  indicate  that  the  presence  of 
snow  on  the  ground  can  affect  millimeter-wave  target  signatures  to  a 
considerable  extent.  In  some  instances  the  target  has  been  found  to  be 
no  longer  distinguishable  from  the  background.  The  effect  of  snow,  ice, 
and  surface  moisture,  on  target  signatures  must  be  clearly  understood 
before  appropriate  discrimination  techniques  can  be  developed. 

The  return  from  snow  covered  terrain  varies  considerably  with 
moisture  content  and  there  are  indications  that  much  of  the  interaction 
takes  place  in  the  top  layer  (ref. 2).  Therefore  it  is  important  to 
verify  the  scattering  properties  of  the  snow  taking  into  account  the 
condition  of  the  surface. 

Initially,  the  reflection  coefficient  will  be  calculated  for  flat 
a^r-ice,  air-water  and  air  snow  interfaces,  with  losses  taken  into 
account.  A comparison  of  the  results  should  give  a preliminary  indica- 
tion of  the  basic  differences  in  the  interaction  of  the  three  substances 
with  millimeter-waves.  All  calculations  are  made  for  both  horizontal 
and  vertical  polarizations,  and  for  angles  of  incidence  ranging  from  0° 
to  90°.  Calculations  for  water  are  made  for  three  different  temperatures. 

THEORY 

Reflection  and  refraction  of  Plane  Waves  at  an  interface  (ref. 3, 4) 

For  two  semi-infinite  media,  as  shown  in  figure  1,  the  reflection 
coefficient  is  given  by: 

R,  = cos9  - v(n2-sin2e) 

, -V-  (1) 

cose  + v(n2-sin2e) 

R„  = \i( n2-s1n2e)  -n2  cos  0 

''  (2) 

\J(n2-sin2e)  +n2  cos  9 


Where  Rj.1s  the  reflection  coefficient  for  waves  polarized  perpen- 
dicular to  the  plane  of  incidence  (horizontal  polarization),  and  R„  is 
the  reflection  coefficient  for  waves  polarized  parallel  to  the  plane  of 
incidence  (vertical  polarization). 

In  figure  1,  the  coordinate  system  is  such  that  the  x-y  plane 
coincides  with  the  boundary  separating  the  media  and  the  x-z  plane 
coincides  with  the  plane  of  incidence. 
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Figure  1.  Geometry  corresponding  to  reflection  and  refraction  at 
an  interface  between  two  semi-infinite  media. 

For  the  geometry  considered  the  direction  of  scattering  is  deter- 
mined by  the  angle  of  incidence.  The  angle  of  scattering  is  the  san\e 
as  the  angle  of  incidence.  The  angle  of  incidence  6 and  the  angle  of 
refraction  4)  are  related  by. 

r\  si n^  = sine  , n = 1 e*!  (3) 

V e*2 

Where  e*  and  e*  are  the  complex  dielectric  constants  of  the  two 
media.  1 

Electrical  parameters  of  ice,  snow  and  water . 

The  complex  permittivity  is  given  by 

e*  = e*+  je"  (4) 

The  losses  are  related  to  the  imaginary  part: 

a - toe"  (5) 

tan  6 = e*1  (6) 

"e1 
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Where  a is  the  conductivity  and  tan6  , the  loss  tangent. 

The  calculations  of  s'  and  e"  for  water  and  ice  are  generally 
based  on  the  Debye  relaxation  formula  (ref.  4,5). 


z - e<k  = ( es1  - e«>  ) ( 7 ) 


e = (cs  )<jt  (8) 

1 + 0)5  T2 

Dry  snow  is  treated  as  a mixture  of  ice  and  air  (ref.  5)  and  the 
permittivity  is  calculated  according  to  a mixture  formula: 


e' -eo  c e‘  - eo 

3e*  = T e[  +2eL  (9) 

Where  f is  the  volume  fraction  of  Ice,  and  e' ,e[  and  eo  refer  to  the 
snow,  ice,  and  air,  respectively. 

WATER 


The  parameter  values  used  for  water  are  shown  in  Table  I.  The 
static  and  optical  dielectric  constants*]  = §*,  and*,^  = §'are 
obtained  from  the  Handbook  of  Chemistry  and  Physics.  The  relaxation 
time  is  obtained  from  reference  6 where  xm  = 2-nC-r.  The  values  of 
*'  and  k"  are  calculated  for  an  operating  frequency  of  35  GHz,  from 
equations  (7)  and  (8). 

TABLE  I 

Electrical  Parameters  of  water  at  35  GHz. 


T °c 

Xm 

<" 

KS 

K1 

00 

0 

3.33 

7.16 

20.87 

10 

2.38 

11.72 

27.5 

88 

1.77 

20 

1.74 

18.7 

34.25 

7-9 


The  relaxation  time  of  ice  is  several  orders  of  magnitude  larger 

I than  that  of  water  (ref  5).  This  implies  that  the  dielectric  constant 

of  ice  is  essentially  independent  of  frequency  in  the  microwave  and 
millimeter  wave  region.  High  frequency  measurements  on  ice  indicate 
a value  of  tcr  in  the  range  of  3.05  to  3.2  (refs.  6,7).  For  the  same 
reason,  ice  is  theoretically  a low  loss  material,  however  experimental 
data  indicate  that  the  loss  tangent  can  have  considerable  variations. 
Table  II  shows  the  parameters  used  for  ice  in  the  initial  calculations 
f 

TABLE  II 


Electrical  parameters  of  ice  at  35  GHz. 


Ice  Type 

k" 

tan  6 

Low  Loss 

3.2 

=0 

1.3  X 10-*  (ref7~6] 

High  Loss 

3.2 

0.64 

2 X 10*1  (ref.  7) 

SNOW 

The  mixture  formula  of  equation  (9)  gives  a dielectric  constant 
ranging  from  1 to  3.2  for  dry  snow.  The  loss  tangent  can  vary  within 
a range  of  10*B  to  10'1  (ref. 7).  A mixture  formula  which  includes 
water,  similar  to  equation  (9)  can  be  used  for  wet  snow  (ref.  6). 

The  net  result  is  a marked  increase  in  the  dielectric  constant,  and 
the  loss  tangent.  The  actual  value  of  these  parameters  falls  between 
that  of  dry  snow  and  water.  For  the  purpose  of  the  initial  calculations, 
dry  snow  will  be  considered,  and  the  results  will  be  compared  with  those 
obtained  for  water.  The  results  for  wet  snow  can  be  expected  to  fall 
between  these  two  cases.  Table  III  shows  the  values  used  for  the  snow 
calculations. 

TABLE  III 


Electrical  Parameters  of  snow  at  35  GHz. 


Snow  Type 

K1 

k" 

tan  6 

Low  density.  Low  loss 

1 .5 

1.5  x 1Q-* 

lo-- 

High  density,  high  loss 

2.5 

0.315 

1.26  x 10'1 

RESULTS 


The  results  of  the  calculations  for  Rx  and  Ru  as  given  by  equations 
(1)  and  (2)  are  shown  in  figures  5 through  11  . The  vertical  polariza- 
tion componerrt  undergoes  a much  higher  degree  of  variation  as  a func- 


tion of  angle  of  incidence,  than  the  horizontal  component.  The  effect 


of  an  increasing  relative  dielectric  constant  K Isa  shift  of  the 
Brewster  angle  to  higher  values  (51°  for  snow,  60°  for  Ice)  and  a 
general  Increase  in  the  amplitude  of  the  reflection  coefficient.  As 
the  loss  component  K"  increases  the  reflection  coefficient  for 
vertical  polarization  passes  through  a minimum  at  the  Brewster  angle, 
but  does  not  decrease  to  zero. 

Without  losses,  the  horizontally  polarized  wave  undergoes  a phase 
change  of  180°  upon  reflection.  The  vertically  polarized  wave  changel 
phase  by  180°  for  angles  of  Incidence  smaller  than  the  Brewster  angle, 
but  stays  in  phase  for  incidence  at  angles  larger  than  the  Brewster 
angle. 

When  losses  are  present  the  phase  shift  Is  negative,  in  the 
vicinity  of  -180°  for  horizontal  polarization,  while  the  shift  for 
vertical  polarization  is  at  first  near  -180°  and  decreases  gradually 
toward  0°  as  the  angle  of  incidence  increases. 

Outline  of  calculations  for  a layer  of  finite  thickness. 

In  order  to  verify  the  electrical  parameters  experimentally  the 
reflection  coefficient  should  be  calculated  for  the  configuration  of 
figure  2,  where  ice,  dry  snow  or  wet  snow  is  considered  to  be  a layer 
on  a substrate  of  soil,  or  other  appropriate  material. 


Figure  2.  Geometry  corresponding  to  reflection  and  refraction 
in  a layer. 
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For  this  geometry  the  reflection  coefficient  is  given  by  (ref.  3) 


R a R - R exp  (24d  d) 

44 i-— - (10) 

1 + R R exp  (21a2d) 

23  12  r 

R12  and  R23  are  the  reflection  coefficients  for  each  Interface 
as  given  by  equations  (1)  and  (2),  where  each  can  be  calculated  for 
horizontal  or  vertical  polarization. 

Since  Ri2  and  R23  are  complex  quantities  they  can  be  expressed 
In  terms  of  a magnitude  and  phase  angle: 


Pi  2 6 


> R2  3 = P23 


overal 1 


In  terms  of  these  quantities,  the. magnitude  and  phase  of  the 
11  reflection  coefficient  R * p e 1<*>  are  given  by: 


P23  + 2Pi2  P23  e “0cos(<t>i2-  <J>23  + a)  + p?2  e 
]+  Pt2  P^3  +2P12  P23  e“^COS(^12+  ^23+  a) 


d>  s A - B + d>2  5 


where 


A 3 arctan  pi2  e sin(  <{»i2-  d>23+  a) 

Q 

P23  +Pl2^  COS(4>12-  d>2  3+  a) 

-S 

B • arctan  pl2  p23  e cos(<l>i2-  d>2 3+  ct) 
1+Pi2  p23  e~  cos(4>i 2+  4>23+  a) 


Finally,  a and  0 can  be  evaluated  In  terms  of  the  angle  of  incidence  by: 


a + 10  3 2k2  cos  02  d 3 2aid  y n2J  -sin293 
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For  increasing  thickness,  or  when  losses  are  sufficiently  high 
the  expression  for  the  reflection  coefficient  reduces  to  R * RtJ  . 
This  Indicates  that  the  energy  Is  absorbed  and  does  not  reach  the 
second  Interface. 

If  multiple  reflections  take  place  the  amplitude  of  the  reflec- 
tion coefficient  can  be  expected  to  vary  periodically  as  a function 
of  layer  thickness,  due  to  cancellation  and  reinforcement  effects. 
When  losses  are  present  the  oscillations  are  exponentially  damped  as 
shown  In  Figure  3. 


Figure  3.  Example  of  reflection  coefficient  as  a function  of 
layer  thickness. 


EXPERIMENTAL  VERIFICATION 

How  well  the  above  electrical  parameters  represent  actual  snow  or 
Ice  on  the  ground  can  be  verified  by  setting  up  an  experiment  using  a 
geometry  which  corresponds  to  the  calculations,  as  shown  In  Figure  4. 


Transmitter 


/ Receiver 


Figure  4.  Experimental  Geometry. 
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For  a perfectly  homogeneous  dielectric  , which  Is  the  point  of  view 
taken  In  the  Initial  calculations,  the  flat  plate  geometry  should  give 
essentially  no  backscatter,  all  the  energy  betng  scattered  forward  at 
the  same  angle  as  the  angle  of  Incidence,  A metal  plate  can  be  used 
for  calibration  in  this  case. 


The  actual  scattering  pattern  can  be  easily  checked  once  the 
experiment  Is  set  up,  by  scanning  the  receiver,  changing  both  the 
azimuthal  angle  and  the  elevation. 


ALTERNATE  MODELS. 


If  the  flat  plate  model  proves  to  be  inadequate  to  describe  the 
snow  in  a realistic  fashion,  models  which  take  Into  account  surface 
irregularities  must  be  considered. 


Although  fine  dry  snow  may  have  a structure  which  Is  fine  enough 
so  that  the  material  behaves  like  a homogeneous  dielectric,  other  types 
of  snow,  such  as  refrozen  snow  may  have  a much  coarser  granular  struc- 
ture (up  to  10mm  in  diameter)  which  may  behave  like  an  assembly  of 
scatterers  at  35GHz. 

A possible  approach  to  this  problem  would  be  to  consider  the 
scatterers  as  an  array  of  spheres.  Such  an  analysis  should  begin  with 
work  done  on  backscatter  from  rain,  taking  Into  account  the  higher 
density  of  scatterers  In  the  present  case. 


The  condition  of  the  snow  surface  may  also  be  an  Important  factor 
affecting  the  amount  of  backscatter.  The  drift  pattern  may  range  from  a 
gently  undulating  surface  to  a sharply  etched  small  scale  pattern.  This 
problem  Is  similar  to  the  problem  of  scattering  from  sea  surfaces.  Sev- 
eral approaches  have  been  used  In  the  case  of  sea  surfaces  (ref.  8). 
Geometrical  optics  can  be  applied  by  subdividing  thevsurface  Into  a num- 
ber of  specular  points  where  the  law  of  reflection  Is' satisfied  for  the 
particular  set  of  Incidence  and  scattering  angles  under  consideration. 
The  total  scattered  field  is  the  sum  of  the  fields  scattered  by  each  of 
the  specular  points. 


Another  approach  is  to  compute  the  scattered  field  from  the  surface 
current. 


Js  * 2 fix  H1 


where  Is  the  incident  magnetic  field  and  n the  normal  to  the  surface. 


The  scattered  field  Is  then  obtained  by  Integrating  the  current 
source  over  the  area  Illuminated  by  the  Incident  radiation. 
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CONCLUSIONS  AND  RECOMMENDATIONS 

The  preliminary  calculations  completed  so  far  Indicate  that  the 
reflected  power  level  from  water  can  be  from  2 to  50  times  greater  than 
from  snow  depending  on  the  angle  of  incidence,  for  angles  up  to  about 
80*  (the  power  level  is  proportional  to  the  square  of  the  reflection 
coefficient).  It  should  be  kept  in  mind  that  for  the  geometry  considered 
the  scattering  is  entirely  in  the  forward  direction,  and  direct  compari- 
sons with  experimental  results  which  Indicate  high  backscatter  should 
not  be  made  without  further  refinement  of  the  snow  model. 

The  flat  plate  geometry,  however,  provides  a simple  means  of  veri- 
fying the  electrical  parameters  of  the  dielectrics  being  Investigated. 

The  preliminary  results  suggest  that  a high  backscatter  may  be  caused 
by  a coarse  granular  structure  of  the  snow,  especially  if  the  snow  con- 
tains trapped  water.  As  the  snow  melts  the  surface  looses  its  roughness 
and  the  backscatter  decreases  as  the  forward  scattering  Increases. 

An  experiment  should  be  performed  to  verify  the  preliminary  cal- 
culations, as  outlined  in  the  report.  Several  types  of  snow,  varying  in 
granular  structure  can  also  be  tested  experimentally,  and  therefore 
theoretical  work  on  the  alternate  models  outlined  in  this  report  should 
be  done  in  order  to  Interpret  the  experimental  data  when  it  becomes 
available. 
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ABSTRACT 


In  order  to  achieve  low  cost  weapon  systems  capable  of  accomplishing 
complex  missions,  the  Air  Force  is  incorporating  state-of-the-art 
digital  technology  into  a modular  weapon  concept.  Hie  feasibility  of 
utilizing  low  cost  commercially  available  microprocessors  in  a weapon 
flight  control  module  is  examined  by  analyzing  the  processor  throughput 
requirements  for  the  GBU-I5  Weapon  Control  Unit  (WCU) . The  sequential 
nature  of  the  WCU  algoritlun  is  found  to  require  a machine  with  a 
throughput  rate  of  nearly  500  KOPS,  which  exceeds  the  performance 
characteristics  of  MOS  processors.  However,  since  the  maximum  required 
throughput  per  airframe  axis  is  only  150  KOPS,  three  MOS  devices  could 
replicate  the  autopilot  function. 

A reconfiguration  of  the  WCU  autopilot  function  was  considered  which 
would  lend  itself  to  a distributed  processor  design.  By  processing 
sensor  signals  directly  at  their  location  outside  the  flight  control 
module,  the  remaining  functions  can  be  carried  out  by  a single  MOS 
machine  of  current  capability. 
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The  Guided  Weapons  Division  of  the  Air  Force  Armament  Laboratory, 
Lglin  Air  Force  Base,  has  among  its  responsibilities  feasibility  studies 
and  advanced  development  of  conventional  tactical  guided  weapons  systems 
and  guided  missile  components . Due  to  rapid  changes  in  technology  and 
an  Air  Force  desire  to  retain  the  maximum  capability  within  its  weapon 
inventory,  armament  systems  either  undergo  a constant  updating  or  are 
deleted  in  favor  of  next  generation  weapons.  Most  pertinent  to  tactical 
guided  missile  applications  are  the  recent  developments  in  digital 
integrated  circuits  technology  and  electronics  packaging,  which  can 
produce  increasingly  sophisticated  airborne  electronics  that  are  also 
physically  smaller,  consume  less  power  and  cost  less.  It  is  a facet  of 
these  applications  which  is  addressed  in  this  report. 

The  proliferation  of  terminal  sensing  and  midcourse  guidance  schemes 
now  permits  a wide  variety  of  tactical  missions  to  be  accomplished.  In 
order  to  reduce  system  costs  while  retainirig  operational  flexibility, 
current  generation  weapon  systems  are  designed  to  be  modular  in  nature. 
To  facilitate  the  interfacing  of  the  various  weapon  systems  modules,  the 
Air  Force  is  presently  designing  towards  an  all  digital  weapon.  The 
primary  advantage  would  be  that  many  types  of  missions  could  reside  in 
software  for  a given  hardware  configuration.  This  allows  the  aircraft 
commander  to  have  a tremendous  operational  flexibility,  since  selection 
of  the  particular  mission  could  be  delayed  until  just  prior  to  weapon 
release.  Exactly  how  digitization  of  current  and  future  weapon  systems 
will  be  accomplished  is  the  subject  of  a 2 -year  contractual  activity 
which  is  being  monitored  by  the  Digital  Guided  Weapons  Technology  (DGWT) 
program  office  at  ADTC.  The  subject  of  this  report  concerns  a parallel 
effort  to  this  activity. 


TIE  DIGITAL  PROCESSOR 


A block  diagram  of  the  current  missile  digital  processor  (DP)  is 
shown  in  Figure  1.  This  design  utilizes  a single  fast  16  bit  processor 
which  is  programmed  to  perform  all  functional  aspects  of  missile  operation, 
such  as  midcourse  and  terminal  guidance  calculations,  flight  control, 
arming  and  fuzing,  and  aircraft  interfacing.  The  DP  communicates  with 
the  various  I/O  devices  such  as  sensors  and  actuators  via  a shared  weapons 
bus  (Figure  2).  Interfacing  these  devices  (distributed  elements  (DE)) 
with  the  weapons  bus  is  accomplished  by  bus  interface  units  (BIU) . Trans- 
mission of  digital  data  and  commands  is  performed  serially  along  the  bus. 
All  A/D  conversion  of  signals  is  performed  within  each  DE. 
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Many  of  the  missile  functions  must  be  performed  simultaneously,  e.g., 
airframe  stabilization,  guidance  law  calculations,  data  link  decoding, 
etc.  Since  the  DP  is  to  perform  nearly  all  such  functions,  it  is  required 
to  have  a very  high  processing  rate.  Current  estimates  of  central  processor 
throughput  (including  room  for  functional  growth)  are  on  the  order  of 
2.5-3  million  operations  per  second  (MOPS).  In  order  to  achieve  this  speed, 
the  brassboard  version  of  this  machine  is  presently  constructed  from 
Schottky-TTL  technology,  with  a total  power  consumption  of  160  watts.  As 
the  power  of  the  operational  version  would  be  considerably  restricted,  the 
present  contractor  is  proposing  for  the  advanced  device  a custom  LSI  bipolar 
integrated  circuit,  with  an  estimated  power  consumption  of  25  watts.  It 
is  not  clear  at  this  point,  however,  that  this  direction  would  prove  to 
be  the  most  cost  effective  for  the  Air  Force. 


AN  ALTERNATIVE  APPROACH 

The  objective  of  this  project  was  to  investigate  alternative  designs 
for  the  DP,  with  reduction  in  costs  as  a key  factor.  A final  design 
implemented  in  custom  LSI  could  prove  to  be  a very  expensive  solution, 
not  only  in  the  developmental  stages,  but  also  in  subsequent  procurement, 
as  second  sourcing  would  be  unlikely.  In  addition,  a coup  lex  and  unique 
machine  could  easily  produce  a software  nightmare,  such  that  the  Air  Force 
could  find  it  quite  difficult  if  not  virtually  inpossible  to  develop  DP 
software  in-house.  The  responsibility  would  then  revert  to  the  contractor 
with  the  costs  associated  with  a sole  source  supplier.  The  most  obvious 
alternative  to  this  situation  is  to  consider  the  utilization  of  existing 
devices.  The  proliferation  of  MOS  microprocessors  in  the  commercial 
market  has  resulted  in  many  low  cost  devices  and  a large  amount  of  debugged 
software.  There  is  little  doubt  that  with  a sufficient  number  of  these 
devices  contained  within  the  weapon  any  desired  function  could  be  performed. 
The  real  question  is  whether  or  not  this  approach  is  cost  effective  in  the 
long  run.  The  intent  here  is  to  estimate  the  configuration  of  microprocessors 
which  would  be  required  to  satisfy  the  missile  functions. 

One  way  in  which  to  approach  this  problem  is  to  utilize  the  system 
specifications  that  have  been  developed  during  the  course  of  the  current 
DGWT  contract.  (1)  These  figures  would  then  be  used  to  partition  the 
system  into  modules  in  which  microprocessing  is  to  be  performed.  Due  to 
the  many  tasks  assigned  to  the  DP  and  the  limited  time  available  for  the 
project,  only  a portion  of  the  overall  system  could  be  considered. 

Figure  3 indicates  a functional  division  of  the  DP.  From  this  figure, 
an  arbitrary  division  was  made  such  that  only  the  flight  control  and 
avionics  portions  of  the  overall  system  would  be  examined.  The  guidance 
subsystems  were  simultaneously  analyzed  by  an  independent  study.  (2) 
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THE  FLIGHT  CONTROL  SUBSYSTEM 

The  current  DGWT  program  authorized  not  only  the  DP  study  but  also 
the  development  of  a progranmable  digital  autopilot  (PDAP) . This  device 
is  a digital  emulation  of  the  analog  autopilot  destined  for  the  GBU-15  glide 
bomb.  After  its  feasibility  was  demonstrated,  PDAP  was  transitioned 
into  the  GBU-15  System  Program  Office  where  it  was  renamed  the  weapon 
control  unit  (WCU) . While  the  DP  is  responsible  for  all  operations  performed 
during  the  missile  mission,  its  flight  control  responsibilities  are  very 
similar  to  those  of  PDAP.  Thus,  in  order  to  analyze  the  requirements  for 
the  DP  autopilot,  it  is  sufficient  to  utilize  the  PDAP.  A clear  advantage 
in  doing  so  is  that  the  latter  system  is  well  defined  and  PDAP  software  is 
available.  (3) 

An  initial  examination  of  the  PDAP  program  revealed  that  a simple 
instruction  tally  would  tend  to  overspecify  the  computational  capability 
needed  for  flight  control.  The  GBU-15/PDAP/WCU  encompasses  three  types 
of  airframes  and  several  varieties  of  midcourse  and  terminal  guidance 
methods.  (4)  To  obtain  a measure  of  the  necessary  throughput,  a 
particular  module  need  only  be  selected,  since  alternative  configurations 
demand  only  a larger  program  memory,  not  operating  speed.  For  the 
purposes  of  this  study,  the  configuration  chosen  was  the  planar  wing 
weapon  (PWW) , aircraft  data  link  midcourse  guidance,  and  lock-on  after 
launch  (LQAL)  electro-optical  (EG)  terminal  guidance. 

Figure  4 depicts  the  typical  stand-off  missile  mission  for  the  GBU-15. 

Hie  trajectory  is  divided  up  into  at  least  4 stages  as  shown.  During 
each  stage,  the  autopilot  must  produce  outputs  to  control  the  three 
airframe  axes,  i.e.,  pitch,  yaw,  and  roll.  The  control  mode  employed 
during  each  trajectory  stage  is  not  in  general  the  same  for  each  axis, 
which  further  complicates  the  autopilot  function.  Table  1 lists  the 
required  control  modes  per  axis  and  trajectory  stage. 

Table  1 


Autopilot  Flight  Control  System  Modes 


Trajectory  Stage 

Pitch  Yaw 

Roll 

If 

1. 

Delay  after  launch 

Rate  damping  Rate  damping 

Rate  damping 

+ yaw  heading 

2. 

Altitude  hold 

Altitude  hold*  Yaw  heading* 

* 

Li 

3. 

Glide 

Angle  of  attack  Yaw  heading* 

* 

hold* 

4. 

Transition 

Seeker  look  EO  proportional 

angle  hold*  navigation* 

* 

u 

5. 

Terminal 

EO  proportional  navigation* 

* 

1 ! 

includes  rate  damping 


j 
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Several  possibilities  exist  for  the  processor  architecture  and  tech- 
nology necessary  to  perform  the  functions  in  Table  1.  The  essential 
parameter  is  speed.  Using  the  autopilot  stability  values  derived  by  the 
DP  contractor,  rate  damping  calculations  must  be  carried  out  at  400  T,z 
and  steering  calculations  at  50  Mz  for  each  of  the  three  axes.  If  an 
estimate  of  the  instructions  for  each  calculation  can  be  determined,  then 
the  minimum  throughput  rate  is  then  known.  As  tlie  PDAP  software  was 
available,  the  required  instruction  sequence  for  each  axis  could  be 
estimated.  These  values  are  given  in  Table  2. 

Table  2 


PDAP  Instruction  Mix 

Per  Axis 

Airframe  Axis 

Calculation 

Pitch 

Yaw 

Roll 

Rate  Damping  (400  Hz) 

Short  instructions 

250 

250 

125 

16  bit  multiplies 

15 

15 

9 

Steering  (50  Hz) 

Short  instructions 

300 

300 

— 

16  bit  multiplies 

18 

18 

— 

The  numbers  in  Table  2 do  not  include  A/D  conversion  of  analog  signals, 
but  do  include  D/A  conversion  for  actuator  signals.  'Hi us  some  additional 
time  must  be  allocated  to  A/D  conversion  as  well.  In  any  case,  a rough 
estimate  of  autopilot  processor  throughput  can  now  be  made  for  each  axis. 

The  assumption  used  here  is  that  1 multiply  is  equivalent  to  5 short 
instructions  timewise. 

Pitch  Axis:  - 150,000  ops/sec  (150  KOPS) 

Yaw  Axis:  = 150  KOPS 

Roll  Axis:  “ 68  KOPS 

Assuming  16  channels  of  analog  input,  the  PDAP  instruction  execution 
sequence  amounts  to  approximately  275  short  instructions  at  400  Hz,  which 
is  an  additional  110  KOPS.  In  fact,  PDAP  performs  even  more  calculations, 
most  of  which  are  concerned  with  identifying  airframe  configurations  and 
current  trajectory  stage  (at  50  Hz),  liven  so,  the  above  estimates  are 
roughly  indicative  of  minimum  throughput. 

PDAP  is  designed  to  be  implemented  with  a single  fast  processor  which 
executes  all  functions  sequentially  (Figure  5).  Thus,  at  a minimum,  it  must 
operate  at  a throughput  rate  of  nearly  500  KOPS.  This  has  been  accomplished 
in  the  WCU  development  program  by  utilizing  bipolar  2 bit  slices  (Intel 
3000  series  chips).  Although  NMOS  devices  would  be  more  desirable  from  a 


cost  and  power  standpoint,  current  devices  have  perhaps  a 200  KOPS  upper 
limit  for  a 16  bit  machine  and  therefore  cannot  imitate  the  autopilot 
function  in  a single  processor.  On  the  other  hand,  it  does  appear  that 
three  such  devices,  i.e.,  one  per  each  airframe  axis,  could  perform  the 
necessary  computations  in  parallel  (Figure  6) . Before  proceeding  in 
this  direction,  however,  it  is  instructive  to  consider  an  alternative 
configuring  of  the  existing  autopilot  function. 

The  concept  of  modularity  in  a guided  weapon  implies  that  the  system 
is  physically  partitioned  in  a functional  manner.  That  is,  a single 
module  might  contain  all  hardware  (and  software?)  pertinent  to  a 
particular  task,  such  as  midcourse  guidance,  flight  control,  etc.  With 
a sufficiently  fast  central  processor  for  the  entire  missile  system,  all 
analog  data  is  digitized  at  each  sensor  location  and  sequentially 
transmitted  along  a common  weapon  bus  to  the  processing  unit.  If  commer- 
cial (particularly  NMOS  or  CMOS)  processors  are  to  be  considered,  the 
central  processor  configuration  must  be  abandoned,  since  the  MOS  through- 
put rate  is  well  below  the  required  minimum.  To  achieve  the  required 
processing  rate  with  slow  processors,  multiple  processors  must  execute 
programs  in  parallel.  These  devices  could  be  centrally  located  or 
distributed  throughout  the  weapon,  insofar  as  the  computations  are 
concerned.  However,  the  speed  of  a centrally  located  unit  would  be  again 
dependent  upon  sequentially -received  data,  which  would  substantially  limit 
the  throughput  rate.  Speed  considerations  presume  that  multiple  slow 
processors  receive  parallel  data,  so  that  the  preferred  configuration 
would  be  microprocessors  distributed  among  the  various  weapon  modules, 
with  little  or  no  data  communication  between  modules  (only  commands) . 


FLIGHT  CONTROL  RECONFIGURATION 

Figure  7 illustrates  the  control  system  for  the  pitch  axis  during  the 
glide  portion  of  the  PWW  trajectory,  in  which  the  angle- of -attack  is 
controlled.  PDAP  duplicates  this  function  digitally,  using  the  analog 
sensor  signals  as  inputs  and  producing  the  analog  fin  actuator  commands. 

It  is  clear,  however,  that  this  function  incorporates  both  guidance  and 
flight  control  amputations . If  guidance  and  flight  control  are  to  reside 
within  separate  modules,  then  the  diagram  in  Figure  7 must  be  divided  in 
some  way.  Assuming  that  the  sensors  do  (or  could)  reside  outside  the 
flight  control  module,  then  it  would  seem  reasonable  to  perform  the  raw 
signal  processing  such  as  filtering  and  limiting  at  the  sensor.  Hie 
flight  control  function  would  then  apply  the  appropriate  gains,  perhaps 
an  integration,  and  then  sunmate  the  signals  to  produce  the  fin  commands. 

Figure  8 shows  the  glide  mode  pitch  axis  control  system  redrawn  as 
described  above.  It  is  now  apparent  that  the  flight  control  system 
responsibility  is  substantially  reduced  (although  the  guidance  modules 
now  are  required  to  perform  some  additional  processing).  Using  the  PDAP 
instruction  set,  the  throughput  required  for  the  simplified  autopilot 
was  again  estimated  (Table  3).  Note  that  both  400  Hz  and  50  Hz  channels 
are  still  requiredN 
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Table  3 


Simplified  Autopilot  Instruction  Requirements 


Trajectory  Stage 


Pitch  Axis 


Instructions/Sec 


Multiplies/Sec 


Altitude  hold 

35,000 

1,700 

Glide 

19,500 

850 

Transition 

19,500 

850 

Terminal 

35,000 

1,700 

Axis 

Midcourse 

35,000 

1,700 

Terminal 

20,500 

850 

L Axis 

53,600 

3,200 

From  Table  3,  the  maximum  processor  load  occurs  during  the  terminal 
flight  phase  in  which  the  airframe  is  following  the  seeker.  Again 
assuming  4 short  instructions  per  multiply,  the  throughput  rate  for  each 
axis  can  be  determined. 


Pitch  Axis: 
Yaw  Axis: 


Roll  Axis: 


35,000  + 1700(4)  * 42  KOPS 
35,000  + 1700(4)  a 42  KOPS 
53,600  + 3200(4)  * 66  KOPS 


If  the  autopilot  functions  were  to  be  performed  sequentially,  then 
the  total  processor  capability  required  would  be  approximately  150  KOPS, 
Since  the  newest  MOS  processors  operate  up  to  200  KOPS,  it  would  appear 
that  a commercial  device  could  perform  the  simplified  flight  control 
function,  as  far  as  throughput  is  concerned. 

From  the  simplified  autopilot  functions  which  were  examined,  the 
input  data  rates  can  also  be  estimated.  Considering  all  of  the  possible 
control  modes,  a total  of  ten  inputs  to  the  flight  control  module  are 
required,  carrying  both  50  Hz  and  400  Hz  data.  A typical  loading 
would  consist  of  six  50  Hz  signals  and  three  400  IIz  signals.  Assuming 
the  data  (or  commands)  are  entering  sequentially  via  a multiplexed  bus, 
this  represents  a 16  bit  word  being  received  at  a 1500  IIz  rate.  On  a 
serial  bus  this  amounts  to  a bit  rate  on  the  order  of  24K  bits/sec. 

No  other  activity  on  this  bus  would  be  necessary,  as  separate  command 
bus  would  likely  be  used  to  designate  trajectory  stages,  etc. 
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II 
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Avionics  Subsystem 


'Die  weapon  digital  processor  will  be  required  to  handle  all  communi- 
cations between  the  weapon  modules  and  the  aircraft.  These  responsibilities 
are  composed  primarily  of  initialization  procedures  and  the  stores  portion 
of  the  stores  management  system  (SMS) . If  the  avionics  processor  is 
charged  with  the  task  of  performing  the  Kalman  filtering  for  transfer 
alignment,  then  this  probably  represents  the  most  critical  initialization 
throughput  requirements.  However,  these  specifications  have  not  yet  been 
fully  developed,  so  that  initialization  task  estimates  cannot  be  made 
at  present.  Likewise,  the  data  are  incomplete  for  the  SMS,  e.g,,  the 
functional  interface  which  defines  the  software  modules  has  yet  to  be 
established.  Thus,  no  processor  specifications  for  aircraft  interface  were 
developed  for  this  report. 


liven  though  no  general  comments  concerning  interfacing  can  be  made, 
some  specific  information  is  available  for  the  GBU-15/WCU  Avionics  interface. 
These  data  indicate  that  the  processor  loading  is  quite  low.  For  the 
PAVE  TACK  mission,  the  aircraft  sends  44  bit  words  to  the  GBU-15  at  a 2Hz 
rate,  which  represents  a negligible  time  loading  on  the  WCU.  Since  .SMS 
and  all  initialization  procedures  occur  prior  to  weapon  release,  it  is  likely 
that  in  general  the  required  processor  throughput  for  the  avionics  interface 
will  be  low. 


Conclusions  and  Recommendations 


The  objective  of  this  study  was  in  part  to  examine  the  feasibility  of 
employing  low  cost,  commercially  available  microprocessors  for  the  modular 
guided  weapon  autopilot  function.  It  was  shown  that  the  PRAT  could  be 
implemented  with  three  MOS  devices,  one  for  each  of  the  three  airframe 
axes.  However,  in  a truly  modular  weapon,  the  functions  performed  by 
PDAP  do  not  have  to  be  carried  out  within  a single  module,  so  that  the 
autopilot  can  be  partitioned  such  that  its  responsibilities  can  be  met 
more  effectively.  Transducer  signal  processing,  such  as  amplification, 
digitization  and  filtering  are  more  efficiently  performed  at  or  near  the 
sensors  themselves , which  would  most  likely  not  be  located  within  the 
flight  control  module.  If  these  basic  processing  tasks  are  thus  removed 
from  the  autopilot,  then  the  latter  need  only  be  concerned  with  simple 
tasks  such  as  simulation,  integration,  gain  multiplication  and  limiting. 
Applying  this  concept  to  the  V.'CU  demonstrated  that  a single  MOS  machine 
would  suffice  for  the  flight  control  module.  An  additional  benefit  is 
the  reduction  in  the.  number  of  signal  paths  necessary  to  input  data ' 
to  the  flight  control  module,  since  the  digital  inputs  can  lie  time 
multiplexed  on  a common  data  bus. 

It  would  appear  for  the  present  time  tliat  interfacing  the  weapon  with 
the  aircraft  requires  only  a low  processor  throughput  capability.  Due 
to  this  fact,  efforts  in  this  area  should  be  delayed  until  the  overall 
weapon  processor  design  is  firmed  up,  as  there  may  be  sufficient  room  for 
these  tasks  within  that  design  withouc  requiring  a separate  processor 
for  avionics  interfacing  alone. 
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From  the  results  of  the  flight  control  analysis,  further  examination 
of  the  role  which  commercial  microprocessors  can  play  in  a modular  digital 
weapon  is  certainly  indicated.  The  low  cost  of  these  devices,  together 
with  the  large  amount  of  working  software  which  is  now  available,  makes 
them  prime  candidates  for  throwaway  weapon  systems  for  complex  missions. 

The  direction  which  future  efforts  should  take  encompasses  several 
possibilities.  Each  functional  module  can  be  considered  in  more  detail, 
so  that  more  specific  processor  characteristics,  program  and  operand 
memory  sizes,  etc.,  can  be  determined.  Once  the  module  characteristics 
are  known,  however,  the  real  problem  is  to  develop  the  functional  integration 
of  the  individual  subsystems.  This  may  take  the  form  of  each  module  being 
designed  to  a standard  interface,  or  it  may  be  necessary  (or  desirable) 
to  develop  interface  modules.  The  overall  missions  to  be  performed, 
together  with  the  individual  module  characteristics,  will  specify  the 
type  and  rate  of  intermodule  communication,  bus  width,  etc.,  needed  to 
determine  the  interface  configuration.  The  processing  requirements  for 
the  executive  or  master  weapon  controller  can  then  be  estimated. 


BUS  LENGTH:  5 6 METERS 
NUMBER  OF  BIU's:  516 
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SENSOR  AND  NAVIGATION  SYSTEM 
PROCESSING  REQUIREMENTS 
FOR 

DIGITAL  GUIDED  MISSILES 
by 

Robert  A.  Higgins,  Ph  D 


ABSTRACT 


A study  of  the  sensors  and  navigation  systems  used  in  the 
digital  guided  weapons  program  was  conducted  to  determine  their 
digital  processing  requirements.  The  project  develops  a basis 
for  alternative  designs  for  digital  control  of  guided  weapons. 

Worst  case  processing  loads  are  identified.  Due  to  favorable  price 
trends  and  the  availability  of  software,  commercial  microprocessors  are 
expected  to  offer  significant  advantages  in  a distributed  processor 
configuration  for  guided  weapons.  Disadvantages  in  the  use  .of  micro- 
processors include  their  reduced  speed,  sub-optimum  architecture,  and 
limited  instruction  sets. 
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NCMENCLATURE 

amplitude  in  volts 
distance  in  meters 

electric  field  intensity  in  volts/meter 

T 

quaternion  matrix  [q^  q2  qj  q^  ] 
range  in  meters 
time  in  seconds 

velocity  of  propagation  in  meters/second 

coordinates  of  a point  in  three-dimensional  space 

phase  angle  in  radians  or  cycles 

wavelength  in  meters 

frequency  in  radians/second 

pitch,  roll,  yaw  angles  in  radians 
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Inertial  Measurement  Unit 

Joint  Tactical  Information  Distribution  System 

Kilo  Operations  Per  Second 

Light  Amplification  by  Stimulated  Emission  of 
Radiation 

Low  Cost  Inertial  Guidance  System 
Lock  On  Before  Launch 
Low  Frequency  Radio  Navigation 
Light  Weight  Radar  Missile 
Millimeter  Contrast  Guidance 
Modular  Guided  Glide  Bomb 
Mega  Operations  Per  Second 
Radiometric  Area  Correlator 
Radiometric  Area  Correlation  Guidance 
Synthetic  Aperture  Radar 
Strapdown  Inertial  Navigation  System 
Time  Division  Multiple  Access 
TERrain  COntour  Matching 
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INTRODUCTION 


A trend  has  been  developing  in  the  military  services  towards  the 
digitization  of  weapons  systems  due  to  a number  of  factors,  including: 

1.  Reduced  size,  weight,  and  power  requirements  of  digital  elec- 
tronics as  compared  to  analog  devices, 

2.  Reduced  life  cycle  cost  of  digitized  weapons. 

3.  Increased  reliability  of  digital  techniques. 

4.  Enhanced  design  and  application  flexibility  of  digital  devices, 

5.  Improved  accuracy  and  performance  of  digital  systems  through 
error  checking  and  self- test  procedures. 

One  approach  to  the  digitization  of  weapons  systems  is  the  custom- 
designed  digital  processor  to  perform  sensing,  computational,  control, 
and  aircraft  interfacing  tasks  for  a guided  weapon.1  There  may  be, 
however,  alternatives  to  the  custom-designed  digital  processor  which 
are  more  cost-effective,  and  contractor- independent. 


OBJECTIVES 


The  primary  objective  in  undertaking  this  study  is  to  develop  a 
basis  for  alternative  design  approaches  for  implementing  digital 
control  of  guided  weapons.  It  has  been  suggested  that  the  use  of 
corrmercially- available  military-specification  components , in  particular, 


microprocessors,  bears  investigation  for  the  digital  guided  weapons 
technology  (DGWT)  program.  One  important  advantage  resulting  tnrou 
this  option  is  that  design  costs  are  significantly  reduced  through 


the  definition  of  basic  computer  architecture  by  the  microprocessor 
selection.  A second  advantage  is  that  much  of  the  software,  assembly 
language  routine,  as  well  as  higher -order  language,  has  already  been 
developed  for  coranercial  microprocessors.  This  software  can  be  applied 
to  the  missile  control  problem  at  lower  cost  than  software  which  must 
be  newly  developed  for  special-purpose,  custom-designed  digital  pro- 
cessors. 

The  basic  elements  of  the  digital  weapon  system  are  indicated  in 
Fig  1.  In  this  characterization  of  DGWT,  major  elements  are  seen 
to  be  the  midcourse  and  terminal  sensors,  flight  control  and  aircraft 
avionic  systems.  A parallel,  concurrent  study2  deals  with  digital 
flight  control  and  avionics  for  IOVT. 


n I] 

I 


1 


FLIGHT 


Alternative  design  approaches  for  effecting  digital  control  of 
guided  weapons  include  (1)  the  design  of  a centralized  digital  pro- 
cessor to  handle  all  necessary  seeker  computational  problems,  navi- 
gational calculations,  and  the  derivation  of  steering  commands  to  the 
missile  control  surface  actuators,  and  (2)  the  design  of  a distributed 
multi-processor  system.  The  latter  design  would  provide  sensor  and 
navigational  processing  at  the  devices,  thus  minimizing  the  amount 
of  data  transfers  on  the  weapons  bus  for  required  guidance  and  control 
functions  of  the  missile. 

The  present  investigation  is  preliminary  to  considering  the  second 
alternative,  the  design  of  a distributed  multi-processor  digital  system 
for  the  DGWT  program.  This  effort  is  therefore  directed  towards  deter- 
mining the  data  processing  characteristics  and  requirements  of  the 
major  sensor  and  navigation  devices  projected  for  use  in  DGWT  systems. 
Depending  on  classification,  these  systems  number  between  12  and  16 
and  are  identified  as  follows  by  acronym:  ARS,  DL,  DME,  EO,  GPS,  HR, 
IMU-LCIGS,  LASER,  LORAN,  MCG,  RAC-RACG,  RADAR,  SMS,  TERCOM.  A number 
of  these  devices  may  be  employed  in  combination  in  a given  weapon 
system  to  provide  guidance  throughout  the  midcourse  and  terminal  phases 
of  flight.  Thus,  such  combinations  as  EO/DME/DL,  RAC/ IMU,  EO/IMU/DL 
are  possible.  Combinations  such  as  these  should  be  identified  and 
considered  for  their  overall  digital  processing  requirements.  Table  1 
lists  the  characteristics  which  need  to  be  determined  for  each  device. 

This  project  proposes  the  distribution  of  the  processing  load 
to  a number  of  smaller,  commercial- type  microprocessors  situated  at 
the  sensors,  in  the  IMU  or  other  navigational  unit,  and  in  the  aircraft 
interface.  This  concept  of  distributed  processing  is  illustrated  in 
Fig  2. 


DATA  PROCESSING  CHARACTERISTICS  OF  SENSORS  AND  NAVIGATION  SYSTEMS 


Not  all  systems  for  DGWT  sensing  and  guidance  are  in  a final  stage 
of  development.  The  following  discussion  proceeds  from  the  best  current 
estimates  as  to  the  design  specifications  for  individual  devices,  with 
some  allowances  being  made  for  growth  and  modification.  Where  extended 
calculations  are  required,  the  algorithms  to  be  used  have  not  been 
optimized,  so  it  may  be  expected  that  such  estimates  are  conservative. 

ARS.  The  Anti-Radiation  Seeker  is  designed  to  detect  a ground-based 
radar  with  the  intent  to  steer  the  missile  toward  the  radar,  ARS  is  a 
wide-angle  fixed  missile  seeker  operated  in  the  LOBL  mode.  Prior  to 
launch,  the  seeker  is  initialized  with  the  targets  being  selected 
according  to  frequency,  pulse  repetition  rate,  pulse  width,  elevation, 
azimuth,  and  signal  intensity.  Required  software  includes  routines  to 
test  for  the  presence  of  a radar  pulse,  count  its  center  frequency  and 
repetition  rate,  and  measure  its  pulse  duration.  For  a radar  pulse 
repetition  rate  of  100  pps,  the  estimated  processing  rate  is  60  KOPS. 
Program  and  operand  memory  for  ARS. is  estimated  at  140  words. 
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• PROCESSING  LOAD  OF  DEVICE  IN  OPERATIONS  PER  SECOND 

• MEMORY  REQUIREMENTS  OF  DEVICE 
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DL.  The  Data  Link  is  designed  with  the  following  requirements: 

1.  Ensure  accurate  commands  to  weapon  with  the  lowest  possible 
probability  of  conmand  error. 

2.  Maintain  control  of  weapon  with  the  highest  probability  of 
reception  of  command  signals. 

3.  Prevent  jamming  of  command  signals. 

4.  Prevent  assumption  of  weapon  control  by  an  adversary. 

5.  Prevent  adversary  from  knowing  that  conmand  transmissions  are 
occurring. 

EMEb  Distance  Measuring  Equipment  is  based  on  the  physical 
principle  that  an  electromagnetic  wave  propagated  through  an  anisotropic, 
homogeneous  medium  experiences  a phase  shift  proportional  to  distance 
traveled,  and  inversely  proportional  to  wave  length  of  the  energy. 4 

For  an  electromagnetic  wave  propagated  from  point  a,  with  an 


electric  field  intensity, 

Ea(t)  = A sin  ait  (1) 

the  electric  field  strength  at  point  b,  separated  D meters  from 
point  a is 

Et,(t)  - A'  sin  fat  - uti).  (2) 

where:  t^  =»  D/\jp  seconds 

and  Eb(t)  = A'  sin  fat  - ^D/Vp  ).  (3) 

The  phase  lag  between  point  a and  point  b is,  thus, 

A<j>  = wD/Vp  radians  (4) 

or  A<J>  = D/*  cycles.  (5) 


This  phase  difference  between'  the  functions  Ea(t)  and  E^(t)  is 
a direct  measure  of  the  distance  between  points  a and  b,  provided  that 
f and  Vp  are  constant.  DME  uses  the  relationship  of  eq.(5)  between 
the  distance  traveled  and  the  phase. 

In  one  DME  method,  a signal  of  known  frequency  and  phase  is 
transmitted  as  the  modulation  on  a light  beam  carrier  from  the  source 
to  a target.  The  total  distance  traveled  is  measured  by  comparing  the 
phase  of  the  received  modulated  signal  with  that  of  the  transmitted 
signal.  The  range  to  the  target  is  one-half  of  the  transmission  path 
length.  Fixed  phase  shifts  are  easily  calibrated  out  of  the  measurement. 
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Thus  the  range  to  the  target  is 


meters 


One  practical  realization  of  DME  uses  three  noncoll inear  stations 
for  range-only  measurements  on  any  nunber  of  targets  to  provide  time- 
space-position  information.  No  pointing  antenna  is  required  in 
such  a system,  now  practicable  with  the  availability  of  high  speed 
digital  computers. 

The  method  involves  the  simultaneous  solution  of  three  distance 
equations,  defining  spheres  of  radii  R^,  i =»  1,  2,  3,  equal  to  the 
measured  ranges  from  three  known  points  to  the  unknown  point  (x,y,z) . 
The  three  intersecting  spheres  define  two  points  separated  by  the  plane 
of  observation.  If  the  known  points  defining  this  plane  are  contained 
on  the  earth's  surface,  only  one  point  is  of  concern,  i.e.,  the  point 
above  the  plane  of  observation. 

Letting  the  observation  points  have  coordinates  (0,0, 0)j  and 
(e,0,0)2  and  (g,h,0)3  , where  1,  2,  and  3 are  the  station  numbers  and 
e,h^0, 

.,  2 2 2 2 

R,  = x + y + z (7) 

2 ,.222 

1*2  = (x-e)  + y + z 

V = (x-g)2  ♦ (y-h)2  + z2 

The  resultant  solutions  for  (x,y,z)  are 

x . 1_  (Rj2  - R,2  . e2)  (8) 

y = 1_  (R22  - R32  + 2x(c-g)  +h2  + g2  - e2) 

2h 


z - (K12-  x2 


y2)l/2 


Hie  processing  load  for  I)ME  with  eqs.  (8)  is  approximately  8 KOPS 
and  the  memory  requirement  is  320  words. 

EO.  Electro  Optical  seeker,  or  video  seeker,  makes  use  of  a 
gimbaled,  visual  spectrum  photo-electric  detector  mounted  in  the 
nose  section  of  the  guided  missile.  EO  can  be  used  in  a manual  track 
node  wherein  the  photometric  data  is  transmitted  over  the  missile 
data  link  to  the  controlling  aircraft  to  provide  the  pilot  with  missile 
steering  information.  5,6 

Alternatively,  the  EO  correlation  mode  makes  use  of  a stored 
image  of  the  target  area  obtained  on  some  previous  flight.  If  the 
present  "live"  scene  as  detected  by  the  EO  seeker  is  sufficiently 
similar  to  the  stored  image,  and  is  properly  centered  with  respect 
to  it,  then  a maximum  amount  of  light  (or  a minimum  if  the  reference 
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is  a negative)  will  be  transmitted.  If  the  transparency  is  moved  in 
its  own  plane  with  respect  to  the  "live"  image  through  coordinates 
(u^v)  the  transmitted  light  will  decrease  (increase  for  a negative) . 

A 'bell-shaped"  function  of  the  relative  displacement  can  be  observed, 
and  this  function  is,  in  fact,  the  cross -correlation  of  the  sensed 
image,  S(x,y),  with  the  reference  transparency,  R(x,y) , except  that 
integration  limits  are  necessarily  finite.7*8 


The  cross-correlation  function,  H(u,v)  is  given  by 

bd 


H(u,v) 


f S(x,y)R(x-u,  y-v)  dx  dy. 


(9) 


The  stored  image  can  be  recorded  from  almost  any  point  in  air 
space  above  the  ground  target.  The  imagery,  however,  must  be  altered  by 
restructuring,  rectification,  enlargement,  cropping  and  filtering 
to  provide  the  image  needed  by  the  EO  correlator.  Filtering  can  be 
done  by  a photo-optical  process,  or  by  use  of  digital  filtering. 

Digital  techniques,  in  general,  for  all  processing  requirements,  appear 
to  have  shorter  turn-around  time.  Extensive  discussion  of  the  necessary 
computations  can  be  found  in  the  literature.9’10  It  is  estimated  that 
for  a stored  map  of  32  x 32  elements,  and  an  average  instruction  time 
of  5 nsec,  one  correlation  can  be  completed  every  30  seconds.  Higher 
speed  processing  is  possible  through  a multiprocessor  design,  or  with 
faster  random  logic  elements.  Memory  requirements  are  estimated  at 
2.6K  words. 


GPS.  Global  Positioning  System  is  a universal  global  navigation 
system  employing  an  array  of  24  satellites  at  an  altitude  of  11,000  nmi. 
in  12  hour  circular  orbits.  The  satellites  broadcast  pseudorandom 
code  and  ephemerides  in  the  L band  to  users  for  positional  determination 
and  updates.  The  GPS  receiver  (in  a mobile  unit)  measures  the  pseudo- 
range and  pseudo-range  rate  from  the  user  to  4 satellites  simultaneously.11 


One  principal  application  of  GPS  is  to  update  inertial  guidance 
measurements.  The  rate  at  which  these  corrections  occur  is  dependent 
upon  the  IGS  and  may  range  from  an  update  every  10  to  100  seconds. 

There  are  seven  signals  from  GPS,  including  three  position  and  three 
velocity  signals,  and  one  time  signal.  The  maximum  transfer  rate  for 
32 -bit  precision  and  10  second  update,  therefore,  is  approximately  23 
baud.12 

Normally,  GPS  will  function  as  an  aid  to  an  IMJ  or  LCIGS,  and  may 
bo  integrated  with  the  guidance  unit.  Two  general  processing  tasks  are 
apparent  with  this  design: 

1.  Receiver  processing  to  intercept  satellite  signals  and  compute 
the  missile  coordinates. 
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2.  Guidance  processing  to  perform  Kalman  filter  algorithms  for 
■enhancing'  accuracy  of  MJ  or  LCIGS,  do  alignment  and  calibration  of 
IMU,  and  transfer  loop-aiding  data  to  the  missile  control  circuits. 

At  this  point,  the  overall  design  for  GPS  has  not  been  determined 
so  that  it  is  not  certain  to  what  extent  guidance  processing  is  to  be 
performed  within  GPS,  itself.  In  addition,  the  final  design  for  GPS 
will  be  dependent  upon  the  design  of  LCIGS,  not  yet  completed. 1 2 

The  processing  rate  to  perform  all  GPS  and  IMU  calculations  is 
estimated  at  300  KOPS,  assuming  that  both  hardware  floating  point 
arithmetic  and  hardware  double -precision  multiply  and  divide  are 
provided  in  the  processor. 

Although  algorithms  for  the  guidance  calculations  have  not  been 
optimized,  it  is  possible  to  estimate  the  memory  requirements.  A 
conservative  memory  estimate  to  accomplish  both  receiver  and  guidance 
processing  is  a total  of  20K  words,  of  which  3K  PRCM  is  for  subroutines, 
8K  RAM  is  for  Kalman  filter,  5K  PROM  is  for  inertial  navigation,  and 
4K  PRCM  is  for  the  executive  routine. 


HR.  Imaging  Infrared  Tracker  uses  an  opto-mechanical  scanner  and 
an  array  of  infrared  detectors  to  obtain  image  information.  After 
summing  the  detector  outputs  to  enhance  the  signal  to  noise  ratio,  the 
information  is  converted  to  a standard  video  format.  The  signal  is 
digitized  and  used  to  produce  a tracking  error  signal  in  the  same 
manner  as  the  electro-optical  seeker.  The  processing  rate  and  memory 
storage  requirements  are  1.3  MOPS  and  2K  werds. 


IMU-LCIGS.  The  Inertial  Measurement  Unit,  or  alternatively, 
Low-Cost  Inertial  Guidance  System,  is  intended  to  operate  with  one  or 
more  aids  for  low-rate  error  correction,  such  as  GPS,  RAC,  EO,  HR, 
or  LORAN.1  Whether  the  IMU  is  16w-cost  or  not,  depends  upon  the  choice 
of  gyro  to  be  used.  The  cost  of  the  inertial  sensors  is  60%  to  85%  of 
total  IMU  recurring  cost.  The  Air  Force  production  cost  goal  for 
LCIGS  is  $10K  with  long  term  cost  goal  of  approximately  $5K  per  unit, 
contrasted  to  upwards  of  $50K  per  unit  for  a high  quality  SINS. 

Figure  3 indicates  one  possible  mode  of  operation,  known  as  the  LCIGS 
update  mode. 

In  this  system  it  is  intended  for  GPS  to  serve  as  an  update 
source  to  LCIGS  every  10  to  30  seconds.  The  data,  itself,  consists  of 
velocity  along  each  geodetic  axis,  and  position  in  geodetic  coordinates. 
If  necessary,  coordinate  transformation  may  be  employed.  The  data  is 
transfered  asynchronously,  word  serial,  at  16  bits  per  word.13*14 

During  midcourse  guidance  phase  of  a missile  flight,  it  is  possible 
for  the  GPS  receiver/processor  to  lose  its  synchronism  with  satellite 
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signals.  Due  to  the  complexity  of  the  GPS  signal,  and  the  internal 
tracking  loops  in  GPS,  external  aids  mjiy  be  essential  for  reacquisition 
of  signal  synchronism.  In  this  instance,  LCIGS  can  function  as  an 
aid  to  assist  the  GPS  tracking  loops  to  reacquire  the  satellite 
signals.  Fig  4 illustrates  the  GPS  Reacquisition  Mode.  In  an 
electronically-jammed  environment,  this  LCIGS-aiding  information  can 
also  be  used  as  the  main  source  of  guidance  for  the  missile.  For  the 
GPS  Reacquisition  Mode  the  data  transfer  rate  may  range  from  1 pps 
to  10  pps,  consisting  of  velocity  and  acceleration  signals  along  each 
geodetic  axis,  and,  possibly,  position  geodetic  coordinates.  Accuracy 
and  resolution  of  this  data  awaits  further  determination  of  LCIGS 
designs . 1 5 

It  is  not  possible,  within  the  limits  of  this  paper,  to  fully 
discuss  inertial  guidance  calculations.  IMU  sensor  aiding  and  sensor 
processing  are  themselves  extensive  subjects,  and  much  work  remains  to 
be  done  in*. the  optimization  of  IMU  algorithms.  Undoubtedly  these  are 
fruitful  areas  for  future  research,  particularly  if  one  is  to  consider 
the  various  LCIGS  alternatives. 

A brief  introduction  to  the  computations  necessary  for  IMU  initiali- 
zation is  provided  herein  as  an  indication  of  some  of  the  DP  requirements. 

It  is  necessary  to  initialize  the  IMU  in  order  to  establish  the 
attitude  of  the  missile  with  respect  to  a horizontal  reference  frame. 

A set  of  four  Eulerian  parameters,  known  as  quaternions,  is  computed 
from  the  pitch,  roll,  and  yaw  angles  of  the  missile,  as  follows:16 

S = £/®o*  ^o » ^o  ) » (10) 

wherein  q4  =»  0.5x  ^ 1-sin  f0  sin0o  sin^  + cosTq  (cos0o+cos<l>o) 

+ coseo  cos»0]  7 (11) 


The  remaining  quaternions,  (qi , q2,  q3)  are  computed  similarly  from 
sine/cosine  functions  of  0O,  <t»0,  and  T0.  The  individual  gyro  measure- 
ments from  aniBU  are  summed  in  order  to  obtain  the  total  rotation 
amount  within  a measurement  interval.  The  gyro  data  are  subjected  to 
conpensation  for  scale  factors,  alignment,  and  bias  through  the 
following  relationship: 

A6  - £(d,  r)  A9 ' + AtAw  , (12) 

where  p(d,  7)  is  the  matrix  of  gyro  scale  factors  and  alignments, 
and  Aw  is  the  gyro  bias  matrix. 

The  quaternions  must  be  periodically  updated  according  to 


a-  fl+  h(D  a] 
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A transformation  algorithm  is  used  to  convert  rotations  in  naviga- 
tional coordinates  to  equivalent  rotations  in  the  body  coordinates,  as 
follows : 


SSb  ' [A]  T — Nav  <14> 

where  j^A J is  the  direction  cosine  matrix  in  vdiich,  e.g., 


a12  “ 2(qlq2  + q3q4} 

a13  3 2(qlq3."  q2q4^  (15) 

a *-q2-q2  + q2  + q2 
33  ql  2 q3  q4 

Estimates  have  been  made  for  the  conputatianal  effort  to  implement 
all  of  the  I MU  equations.  The  overall  memory  requirement  is  approxi- 
mately 3K  of  16 -bit  memory,  and  the  average  computational  rate  is 
240  KOPS.17 

LASER,  The  IASER  tracker  uses  an  independent  pulsed  laser  as  a 
source  of  illumination  for  a target.  Energy  reflected  by  the  target 
is  received  by  an  optical  system  and  impinges  upon  a four-quadrant 
detector.  Error  signals  for  two  axes  are  derived  from  the  four 
simultaneous  pulse  amplitudes,  as  follows: 

Axis  1 Error  ■ 


Axis  2 Error  = (A  + C)  - (B  + D)  (16) 

A + B +'T '+  U " 

The  LASER  memory  requirement  is  approximately  50  words,  and  the  processing 
rate  is  3 KOPS. 


LORAN.  LOw  Frequency  RAdio  Navigation  is  intended  for  application 
as  a corrective  sensor  for  IMU  or  LCIGS.  LORAN  employs  a master  radio 
transmitter  in  100  KHz  frequency  range  and  one  or  more  slave  radio 
transmitters  with  synchronous  transmissions.  The  difference  in 
arrival  time  of  two  signals  (master  and  slave)  fixes  the  observer’s 
position  along  a hyperbolic  locus  of  constant  time  difference.  The 
coordinates  of  the  observer  are  given  by 


wiie re:  x and  y are  the  coordinates  of  the  observer  with  respect 
to  the  master  station, 

A ■ R.  - R~ 

2 — 

C = R1  * R2  , (18) 


and  Rj,  R2  are  the  master- observer  and  slave-observer  distances, 
respectively. 

If  one  uses  an  additional  slave  station,  or  another  relative  time 
dimension,  the  observer's  location  is  determined  as  a unique  point 
in  two-dimensional  space.  A third  slave  station  will  locate  the  ob- 
server uniquely  in  three-dimensional  space. 

For  the  master  and  two-slave  station  configuration,  the  processing 
rate  has  been  estimated  at  10  KOPS,  and  the  required  memory  is  250  words, 
16  bits. 


MCG.  Millimeter  Contrast  Guidance  employs  energy  in  the  35  GHz  range, 
both  actively  and  passively,  for  the  detection  and  tracking  of  discrete 
targets.  Several  semi-heuristic  algorithms  are  employed  in  the  detection 
mode.  Tlie  system  does  not  make  use  of  a stored  image  of  the  target  area.1 

Initially,  the  MCG  system  is  in  an  active  (RADAR)  mode,  employing 
narrow  beam,  conical  scan  to  distinguish  objects  in  the  active  area 
which  are  above  a threshold  level  which,  itself,  is  adaptive  so  as  to 
adjust  for  changes  in  background  clutter. 

In  some  circumstances,  clutter  can  give  a high  output  which  could 
be  mistaken  for  a target.  A second  algorithm  makes  use  of  time-spatial 
processing  to  discriminate  on  spatial  characteristics  of  an  object, 
i.e.,  if  amplitudes  are  exceeded  for  more  than  a specified  interval  of 
time  or  distance,  the  return  is  classified 'as  no  target. 

A third  algorithm  makes  use  of  changes  in  return  signal  modulation 
characteristics  occurring  for  a target.  With  the  presence  of  a target 
smaller  tlian  the  conical  scan  area,  the  return  will  be  modulated  at  the 
conical  scan  frequency.  Background  clutter  will  normally  not  provide 
a scan-rate  modulated  return  signal. 

Once  a target  is  detected,  the  MCG  system  goes  into  a tracking  mode. 
The  system  remains  in  the  active  tracking  mode  up  to  a distance  of 
1000  feet  from  the  target.  At  this  distance  the  target  normally  provides 
a high  contrast  with  the  background  and  the  system  goes  into  a passive 
tracking  mode. 
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It  is  expected  that  these  algorithms  can  be  stored  in  50  words 
of  16  bit  memory,  and  that  the  processing  rate  is  6 KOPS. 

RAC-RACG.  Radiometric  Area  Correlator  and  Radiometric  Area  Cor- 
relation Guidance  utilize  passive  sensing  of  imagery  in  the  35  GHz 
band  to  provide  position  fixes  through  correlation  with  prestored 
reference  maps.  The  technique  provides  all-weather  fix- taking  which 
may  be  used  as  an  aid  to  IMU  and  LCIGS, 

Two  major  problems  exist  in  RAC  and  RACG.  A fairly  large  memory 
must  be  provided  to  store  reference  maps,  and  a relatively  high  speed 
computational  capability  is  required  to  do  the  image  and  map  correlations. 
Several  algorithms  have  been  developed  to  perform  the  correlation 
task  l»8»">10»o.  The  correlation  algorithm, 

C(k,l)  = 


where  R^  ^ is  a 32  ^ array  within  a 64 ^ reference  array,  with 
Kk  1 t^ie  com™3n  element  of  the  arrays,  and 

S is  the  sensed  array,  indicates  a match  where  Cjj  ] is  a 
maximum.  ' 

The  sequential  similarity  detection  algorithm,  given  by 


A 


A 

and  S => 


i+j 


and  I « J = 32,  indicates  a match  where  d(k,l)  is  a minimum.  Imple- 
menting either  algorithms  (19)  or  (20)  on  a processor  having  5 ysec 
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add  time  it  is  estimated  that  one  correlation  for  a complete  map 
of  322  elements  can  be  completed  in  approximately  26  seconds. 

Optimization  and  the  use  of  a higher  speed  processor,  or  a multiprocessor, 
could  reduce  this  correlation  time  by  a factor  of  ten  or  more. 

RACG,  the  RAC-aided  SINS,  provides  for  greater  accuracy  with  all- 
weather,  stand-off  capability,  RACG  must  provide  additional  functions 
in  the  navigation  subsystem,  including  alignment,  horizontal  navigation, 
Kalman  filtering,  and  SINS  transformation.  These  functions  are  estimated 
to  require  approximately  25%  more  processing  time  for  a total  time 
of  31  seconds  per  correlation  fix.  The  memory  requirement  has  been 
estimated  at  8K  words,  16-bits  per  word.  The  processing  rate  is  30  KOPS 
for  this  correlation  time.  With  a higher  speed  processor,  the  processing 
rate  is  estimated  at  420  KOPS,  resulting  in  a correlation  time  of  2.6 
seconds 

RADAR.  The  Radio  Detection  and  Ranging  sensor  system  is  provided  with 
magnetic- tape- stored  synthetic  aperture  radar  imagery,  pre-recorded  in 
the  70  to  95  GHZ  range.  The  radar-equipped  missile  navigates  on  its 
own  by  taking  sequential  position  fixes  from  correlations  of  its 
own  radar  image  with  the  stored  SAR  imagery.  At  lock-on,  the  radar 
tracks  the  contrast  point,  using  angle  information  from  the  seeker 
gimbals  to  direct  the  missile  to  the  target. 

Correlation  algorithms  which  have  been  considered  for  the  radar 
sensor  include  product  correlation  coefficient  (PCC)  and  mean  absolute 
difference  (T-IAD) “ 1 . The  reference  scene  is  compared  point-by-point  to 
the  "live"  scene,  and  the  best  match  selected  at  the  extremum  of  the 
coefficient.  Results  for  the  two  algorithms  have  been  nearly  equivalent 
for  a large  number  of  independent  elements  in  the  correlated  scene  and 
a moderate  signal -to -noise  ratio,  but  insufficient  experience  has  been 
gained  to  make  a clear  choice  between  the  two  algorithms . 

Estimates  for  the  computational  load  with  the  PCC  coefficient 
indicate  that  65  KOPS  would  provide  a two-dimensional  correlation 
for  a 32^  element  map.  Memory  requirement  lias  been  determined  as  9K 
words,  16-bits  per  word.  The  MAD  coefficient  computational  load  is 
estimated  at  15  KOPS  with  a 5K  word,  16-bit  memory  requirement. 

TERCOM,  The  TEkrain  (Ontour  Matching  sensor  is  a multi-mode  device 
which  correlates  "live"  terrain  information  derived  from  a barometric 
altimeter,  from  a radar,  or  from  a passive  radiometer,  with  stored 
terrain  profiles  to  establish  position.  The  system  is  an  all-weather 
sensor,  and  visibility  or  time  of  day  have  only  slight  effect  on  its 
operation.  Prior  knowledge  of  the  terrain  over  which  an  alignment  is  to 
occur  can  be  obtained  from  sources  such  as  topographic  maps  or  stereo 
photographs . 2 2 

Assuming  that  algorithms  comparable  to  those  used  for  radar  correla* 
tions  are  applicable,  the  processing  requirements  would  be  similar  to 
those  for  radar,  or  about  65  KOPS  and  9K,  16-bit  memory, 


t 

Mil 


-T 


n 

u 


9-20 


I 


f 

I 

| 

1 


I 

I 

| CONCLUSIONS  AND  RECOMMENDATIONS 

I Processing  requirements  have  been  estimated  for  the  several 

sensor  and  navigational  subsystems  in  DG1VT  in  terms  of  computational 
rate  and  memory  size.  A portion  of  these  results  is  summarized  in 

I Table  2.  It  should  be  noted  that  most  of  the  algorithms  and  asso- 

ciated coding  have  not  been  optimized.  Further  reduction  in  processor 
load  may  be  possible  when  several  systems  are  used  in  combination 
i in  a given  weapon,  such  as  EO/DME/DL,  RAC/IMU,  and  RAC/LCIGS.  One  of 

J the  problems  in  making  estimates  of  processing  load  is  that  many 

systems  still  are  under  development.  Allowances  have  been  made  where 
, possible  to  provide  for  anticipated  system  growth. 

1 Table  2 

Digital  Processing  Requirements 
(estimated) 

4 


Sensor  of 

Memory- 16-bit 

Processing  Rate 

Navigation  System 

Kilo-words 

Kilo-Opers/second 

ARS 

.07 

60 

*r* 

EME 

.16 

8 

1 

4 

EO 

2.60 

2000 

GPS 

40.00 

300 

HR 

2.00 

1300 

t 

IMU 

3.00 

240 

USER 

.05 

3 

LORAN 

.25 

10 

MCG 

.05 

6 

RACG 

8.00 

420 

RADAR 

9.00 

65 

TERCOM 

9.00 

65 

The  objective  in  this  study  of  digital  processing  requirements 
for  guided  weapons  has  been  to  provide  a basis  for  designs,  such  as 
a multi-processor  or  distributed  processor,  to  be  implemented  if 
i possible  with  commercial  microprocessors. 


Factors  which  favor  the  use  of  microprocessors  include: 

Much  software  has  already  been  developed,  including  utility  programs, 
higher- level  language,  cross-assemblers,  interpreters,  and  compilers, 
both  hardware  and  software  development  aids  are  offered  for  micropro- 
cessor systems.  Cost  trends  are  favorably  downward  for  microprocessors, 
and  the  presence  of  competition  will  aid  in  obtaining  better  service. 

Alternatively,  penalties  or  disadvantages  may  result  with  the  use 
of  commercial  microprocessors:  Processing  speed  may  be  reduced  until 

faster  LSI  technology  becomes  available.  This  problem  can  be  overcome 
to  some  degree  with  the  use  of  parallel,  multi-processor  designs. 
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„ executive  software. rottg.  nay 

a?to  interfacing  operations  for  a_ distrtoute.  jp  be  timum 

££  architecture  of  a ^rations,  e.g.,  storing 

for  the  missile  application^ < srt  reali2ed  through  ex®cu^?Ji°!al 

of  machine  states  on  interrupts,  may  be  slower>  and  additional 

software,  but  the  result  is  that  cont  1 li  d mltiviy$  divide, 

memory  will  be  nee4e.l  t?  ™ nonMlly  available  with  micro- 

“doc“  Cs\dde»re  or  software  will  increase  cost. 

Several  important  Pf^/^riStS^e^cS^'K^ 
the  Air  Force  would  employ  t e , n-i  fir-ant  oortions  of  the  overall 
such  as  GPS,  LCIGS,  and  distributed  processing 

DGWT  program.  Extension  o Otherwise,  the  concurrent  real 

for  other  sensoTS  appears  advisable^sOtb  ^ distributed  processing 

S^^enso^yfesuS  » o?er  design  of  the  weapon  control  system. 

Further  study,  including  “^^■^^iSl'wapont4  'ih^stem’ 
the  potential  use  of  microproc* ess  ^ 8 opriate  interfacing  and 

integration  problem,  in^jdLSthoJ0Shly  examined  for  the  distributed, 
executive  software,  should  be  tho  g Y navigation  system  combi- 
processor  design.  ^.^5^ffilSi^o?pi«»sii«faiid  memory 

SitTS5 cc^'of  Me^essing  for  the  »T  program. 
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INTERPRETATION  OF  LASER  VELOCIMETER 
MEASUREMENTS  IN  TRANSONIC  TURBULENT  BOUNDARY  LAYERS 

by 

William  G.  Tiederman,  Jr. 


ABSTRACT 


The  basic  purpose  of  this  research  program  was  to  identify 
methods  and  procedures  for  interpreting  fluid  velocities  from  the  particle 
velocities  measured  by  a laser  velocimeter.  Insofar  as  was  possible,  these 
methods  were  applied  to  LV  data  from  the  IT  wind  tunnel  at  the  Arnold 
Engineering  Development  Center  in  an  effort  to  determine  particle  re- 
quirements and  application  limits  for  the  present  system  and  procedures  in 
turbulent,  transonic  boundary  layers  and  in  regions  of  separated  flow. 

The  specific  areas  of  the  investigation  include:  (1)  calculations  to 

determine  the  potential  magnitude  of  sampling  bias  errors  upon  the  statisti- 
cal estimates  of  the  mean  and  fluctuating  velocities;  (2)  estimates  of 
particle  sizes  required  for  accurate  measurements  of  root-mean-square 
fluctuation  velocities  and  turbulent  energy  spectra;  and  (3)  evaluation  of 
the  influence  of  the  wall  upon  measurements  of  the  velocity  component 
normal  to  the  wall. 

The  results  from  the  sampling  bias  analysis  show  that  potentially 
large  errors  (on  the  order  of  100  ft/sec)  can  be  made  in  mean  velocity 
estimates  by  neglecting  this  effect  in  separated  flows.  Statistical  esti- 
mates with  weighting  functions  based  upon  simultaneous  two-component 
measurements  are  very  different  from  but  as  reasonable  as  unweighted 
estimates.  Experiments  in  a known  flow  field  with  both  controlled  and  un- 
controlled particle  seed  need  to  be  conducted  to  eliminate  this  ambiguity 
from  the  data  analysis  of  naturally  (uncontrolled)  seeded  flows. 

Particle  lag  analyses  show  that  much  smaller  particles  are 
required  for  accurate  measurement  of  the  high  frequency  part  of  the  turbu- 
lent energy  spectra  than  for  accurate  measurement  of  the  root-mean-square 
fluctuation  velocities.  In  the  IT  boundary  layer,  only  signals  from 
particles  with  diameters  smaller  than  0.5  micron  can  be  used  for  energy 
spectra.  One  micron  diameter  particles  are  adequate  for  root-mean- square 
measurements  while  signals  from  particles  with  diameters  two  microns  and 
larger  should  be  eliminated  from  the  data  ensemble.  There  may  also  be 
problems  resulting  from  particle  migration  due  to  lift  and  from  damping  due 
to  the  wall  for  distances  within  0.1  inches  of  the  wall.  These  difficulties 
would  affect  only  statistical  estimates  involving  the  normal  velocity 
component. 


Considerations  of  particle  dynamics  such  as  those  used  here 
should  be  used  to  design  LV  experiments  and  to  interpret  the  accuracy  of  LV 
measurements.  It  should  be  emphasized  that  the  difficulties  discussed  in 
this  report  are  generally  restricted  to  small  regions  in  the  flow  field  where 
there  are  strong  accelerations  and  large  velocity  fluctuations.  While  these 
effects  place  some  limitations  upon  the  application  of  laser  velocimeters, 
they  do  not  destroy  the  great  potential  of  this  instrument. 
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NOMENCLATURE 


L 

f(u» 
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u 

g(w) 


K 


m 

m' 

N 

P 

pt 

t 

u 
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u 

e 

u. 
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particle  radius 

drag  force  on  a particle 

lift  force  on  a particle 

normalized  one-dimensional,  fluid  energy  spectrum  function 
normalized  one-dimensional,  particle  energy  spectrum  function 
break  frequency  in  energy  spectra 
function  defined  by  Eq.  118) 
index  of  summations 

factor  that  accounts  for  deviations  from  Stokes ' law  drag 
mass  of  the  particle 

equivalent  mass  of  the  fluid,  defined  by  Eq.  (11) 

number  of  velocity  realizations 

pressure 

stagnation  pressure 
time 

fluid  velocity 

f 

estimate  of  the  time-average-fluid  velocity  component  tangent 
to  the  surface 

free-stream  velocity 

individual  realization  of  the  velocity  conqponent  tangent  to 
the  surface 

particle  velocity 

fluctuation  fluid  velocity  component  tangent  to  the  surface 

root-mean- square  fluctuation  velocity  coitponent  of  the  fluid 
tangent  to  the  surface 

fluctuation  particle  velocity  component  tangent  to  the  surface 

estimate  of  the  time-average- fluid  velocity  component  normal 
to  the  surface 


individual  realization  of  the  velocity  component  normal  to 
the  surface 

fluctuation  fluid  velocity  component  normal  to  the  surface 

root-mean-square  fluctuation  velocity  of  the  fluid  normal  to 
the  surface 

root-mean-square  fluctuation  velocity  of  the  particle  normal 
to  the  surface 

coordinate  tangent  to  the  surface 

horizontal  space  coordinate  with  respect  to  the  wind  tunnel 
coordinate  normal  to  the  surface 

vertical  space  coordinate  with  respect  to  the  wind  tunnel 

defined  by  Eq.  (14) 

defined  by  Eq.  (15) 

fluid  viscosity 

fluid  density 

particle  density 

dummy  variable  of  integration 

frequency 

weighting  function 
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INTRODUCTION 


In  recent  years  the  development  of  the  laser  velocimeter  (LV)  has 
proceeded  at  a rapid  rate.  At  this  time,  the  optical  and  electronic  systems 
for  obtaining,  verifying  and  processing  a signal  are  highly  developed  and  a 
user  has  a substantial  base  of  instrumentation  expertise  available  to  him. 
Consequently  the  LV  effort  at  the  Arnold  Engineering  Development  Center  (AEDC) 
has  become  one  of  applying  this  instrumentation  technology  to  the  test 
facilities.  As  one  of  the  initial  steps,  several  experiments  were  conducted 
in  the  IT  Aerodynamic  Wind  Tunnel  with  a two- component,  dual-scatter,  Bragg- 
cell type  system  with  back-scatter  collection  (Ref.  1).  Computational 
schemes  have  been  developed  to  analyze  the  data  from  these  experiments 
(Ref.  2)  and  the  analysis  has  yielded  both  answers  and  questions.  Many  of 
the  concerns  center  around  the  fact  that  a LV  system  measures  the  velocity 
of  small  particles  entrained  in  the  flow  and,  hence,  one  must  deduce  infor- 
mation about  the  fluid  velocity  from  the  particle  velocities  that  are  detected 
and  measured  by  the  system.  This  study  is  based  upon  the  hypothesis  that  the 
LV  system  accurately  determined  the  particle  velocities  in  these  experiments. 
Then,  by  concentrating  upon  the  transonic  turbulent  boundary  layer  data  from 
the  IT  bump  test,  this  study  addresses  questions  of  interpreting  fluid 
velocities  from  the  measured  particle  velocities. 

The  basic  mode  of  LV  operation  used  at  AEDC  and  in  most  large  wind 
tunnel  applications  is  called  the  individual  realization  or  counting  mode 
(Ref.  3).  This  mode  of  operation  is  the  natural  result  of  a dilute  concen- 
tration of  particles  in  the  fluid  which  is  the  typical  situation  when  an 
airflow  is  "unseeded."  In  this  case,  an  output  signal  occurs  only  when  a 
particle  that  is  sufficiently  large  to  be  detected  passes  through  the 
measurement  volume . Consequently  the  signal  is  discontinuous  and  the  oc- 
currence of  an  output  signal  is  dependent  upon  the  arrival  of  a particle. 
However,  since  the  measurement  volume  or  probe  volume  is  designed  to  be 
small  compared  to  the  scales  of  the  fluctuating  fluid  motion,  the  output 
signal  is  essentially  a measurement  of  the  instantaneous  particle  velocity. 

The  nature  of  this  output  signal  as  a function  of  time  is  illustrated  by 
the  solid  dots  in  Figure  1.  Since  the  signal  is  discontinuous,  statistical 
techniques  must  be  used  to  estimate  the  desired  quantities  such  as  the  time 
average  fluid  velocity.  However,  as  also  illustrated  in  Figure  1,  the 
larger  particles  will  not  always  be  traveling  at  the  fluid  velocity. 

Consequently  there  are  two  primary  and  generally  separate  aspects 
in  the  interpretation  of  fluid  velocities  from  an  ensemble  of  particle 
velocities.  One  is  simply  a question  of  particle'  dynamics  or  particle 
tracking.  Namely,  will  the  particles  in  the  flow  accurately  follow  the 
fluid  accelerations  and  thereby  yield  accurate  estimates  of  the  instan- 
taneous, local,  fluid  velocity?  The  second  aspect  is  a question  of  whether 
the  particle  velocities  measured  by  the  LV  system  yield  an  unbiased  or  a 
biased  sampling  of  the  turbulent  (fluctuating)  fluid  velocity.  If  the 
sampling  is  random  and  unbiased,  then  a regular  statistical  analysis  of  the 
data  will  yield  good  estimates  of  the  mean  and  root-mean-square  particle 
velocities.  If  the  sanpling  is  biased  because  some  velocities  are  detected 
more  frequently  than  others,  then  a suitable  weighting  factor(s)  must  be 
deduced  and  used  in  the  statistical  analysis.  Both  of  these  factors 
become  more  important  in  regions  where  the  fluid  fluctuations  are  large, 
such  as  in  the  region  very  near  the  wall  in  a turbulent  boundary  layer  or 
in  a region  of  separated  flow. 
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The  first  section  of  the  report  will  address  the  question  of  biased 
sampling.  Data  from  both  an  unseparated  and  a separated  boundary  layer  from 
the  IT  bump  test  will  be  analyzed  to  determine  the  magnitude  of  the  potential 
error  introduced  by  this  effect.  The  second  section  of  the  report  will 
discuss  particle  dynamics.  The  discussion  will  center  upon  particle  tracking 
in  a turbulent  boundary  layer.  Using  existing  analyses  and  typical  conditions 
from  the  IT  tunnel,  the  ability  of  the  naturally  occurring  particles  to 
follow  the  fluid  flow  will  be  estimated.  Comments  will  be  made  about  the 
assumptions  and  information  required  to  perform  these  estimates.  It  will  be 
seen  that  the  unknown  and  uncontrolled  distribution  of  the  particles  sizes 
in  the  "natural"  seed  used  in  these  experiments  is  a serious  complication  in 
interpreting  some  of  the  measurements. 

In  both  sections  of  the  report,  it  will  be  shown  that  there  are 
flow  conditions  and  regions  within  the  transonic  turbulent  boundary  layer 
for  which  an  accurate  and  unequivocal  estimate  of  the  fluid  velocities  can 
be  made  from  the  LV  measurements.  On  the  other  hand,  there  are  also  regions, 
particularly  regions  of  separated  flow,  where  both  biased  sampling  and 
particle  dynamics  are  critical  to  the  interpretation  of  the  data.  Regions 
of  separated  flow  are  important  in  many  applications  and  the  LV  system  is  the 
only  available  anemometer  which  can  yield  reasonable  information  about  the 
flow  field  in  these  regions.  Both  pitot  tubes  and  hot-wire  anemometers  are 
incapable  of  accurately  measuring  the  reverse  flow.  Consequently  reconmen- 
dations  will  be  made  for  additional  experiments  and  procedures  that  will 
eliminate  the  uncertainties  about  the  appropriate  weighting  factors  for  the 
statistical  analysis  of  the  data  and  about  the  adequacy  of  the  seed particles 
for  following  the  flow. 


OBJECTIVES 

The  basic  purpose  of  this  report  is  to  identify  the  methods  and 
procedures  necessary  for  an  accurate  deduction  of  fluid  velocities  from  the 
particle  velocities  measured  by  a laser  velociroeter.  Insofar  as  possible, 
these  procedures  were  applied  to  the  LV  data  from  the  IT  wind  tunnel  in  an 
effort  to  define  present  limits  of  application  and  to  identify  research  and 
development  as  well  as  operational  procedures  necessary  to  extend  these 
present  limits. 

The  specific  objectives  were  to  determine  the  effect  of  particle 
lag,  particle  migration,  and  biased  sampling  upon  estimates  of  the  mean 
velocity  and  the  root- mean- square  velocity  in  the  nonseparated  boundary 
layers  and  in  the  separated  (reverse  flow)  regions  of  the  IT  bump  test. 
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BIASED  SAMPLING 


Throughout  this  section  of  the  report,  it  will  be  assumed  that 
the  particles  are  accurately  following  the  flow  and  that  they  cure,  on  the 
average,  homogeneously  distributed  in  the  fluid.  With  this  homogeneous 
distribution  of  particles,  the  probability  for  having  a particle  in  the 
probe  volume  is  proportional  to  the  flow  rate  through  the  probe  volume. 

If  there  is  an  equal  probability  that  each  particle  of  a given  size  will  be 
detected  and  yield  a validated  velocity  realization,  then  more  particles 
will  be  detected  when  the  fluid  velocity  is  higher  than  the  time-average 
fluid  velocity  than  when  the  fluid  velocity  is  lower  than  the  time-average 
velocity.  This  phenomenon  is  called  biased  sampling  and  it  can  lead  to 
substantial  errors  in  the  statistical  estimates  of  the  mean  velocity  when 
the  velocity  fluctuations  are  large  (Ref.  4) . In  Reference  4 weighting 
factors  based  upon  the  instantaneous  velocity  vector  were  proposed  as  a 
means  for  yielding  corrected  statistical  estimates  of  the  mean  velocity. 
Experimental  verification  of  these  concepts  has  recently  been  provided  by 
a series  of  redundant  measurements  in  a turbulent  channel  flow  of  water 
with  carefully  controlled  5 to  10  (im  seed  particles  (Ref.  5) . 

However,  there  is  one  theory  that  suggests  that  biased  sampling 
will  be  either  totally  or  partially  eliminated  by  another  compensating 
phenomenon.  The  compensating  effect  is  based  on  the  argument  that  slower 
particles  yield  a higher  signal  to  noise  ratio  signal  than  faster  particles 
and  hence  there  is  greater  probability  for  detecting  slow  particles  than 
fast  particles  (Ref.  6).  This  did  not  occur  in  the  experiments  conducted 
in  Reference  5.  However,  since  this  effect  is  a strong  function  of  the 
magnitude  of  the  LV  signal  and  the  threshold  settings  used  by  the  operator 
of  the  velocimeter,  it  cannot  yet  be  discounted  in  the  naturally  seeded 
flows  of  the  IT  bump  test.  In  the  IT  tests,  one  would  expect  a broader 
size  distribution  of  particles  and  hence  a broader  range  of  signal  ampli- 
tudes than  were  obtained  in  the  channel  flow  of  Reference  5. 

Barnett  and  Bentley  (Ref.  7)  have  also  suggested  that  biased 
sampling  is  a function  of  the  rate  of  arrival  of  the  particles.  There  has 
not  yet  been  unequivocal  experimental  evidence  to  either  confirm  or  disprove 
their  analysis  which  shows  .that  there  is  no  biasing  when  the  particles  are 
separated  by  times  that  are  large  compared  to  the  time  scale  of  the 
turbulent  fluctuations. 

Consequently,  at  the  present  time,  it  is  largely  a matter  of 
opinion  and  judgment  about  whether  or  not  a biasing  correction  should  be 
applied  to  the  IT  bump  test  data.  In  this  report,  data  for  a nonseparated 
and  a separated  boundary  layer  will  be  reduced  using  biasing  corrections. 
These  "corrected"  estimates  will  be  compared  to  regular  statistical 
estimates  to  demonstrate  the  magnitude  of  the  uncertainty  that  exists  due 
to  the  biased-sailing  issue. 

The  two  positions  within  the  flow  field  of  the  two-dimensional 
bump  that  will  be  analyzed  are  shown  in  Figure  2.  At  the  station  xfc  * 14.5 
inches,  the  boundary  layer  was  not  separated.  However,  as  shown  by  the 
free-stream  velocity  profile  and  the  pressure  ratio  profile  in  Figure  2, 
the  second  station,  station  xfc  = 23.88  inches,  was  downstream  of  a shock, 
and  in  this  case,  the  boundary  layer  was  separated. 


■ ■ » 


(1) 


For  each  of  these  stations,  the  two- component  velocity  data  were 
reduced  by  the  following  set  of  equations.  Estimates  of  the  mean  velocity 
component  parallel  to  the  bump  surface  are  given  by 

Al  H 

= Z **  H*  / 

i-l  <’*/ 

whiie  fit  .N 

v = 2 

yields  estimates  of  the  mean  velocity  component  normal  to  the  bunp  surface. 
Similarly,  the  mean-square- fluctuation  velocities  are  calculated  from 

(_u'f  = = z uilvrv)  / ? "*• 

i%i  L*t 

and  a/  , _ , / a 

Cv‘)z=  v2  = Z ~V)  /2-co<: 

/=/  /*/ 

while  the  correlation  or  Reynolds  stress  is  given  by 

A/  , A/ 


fiv  = 1 

/=/  ' l-l 


By  setting  the  weighting  function 

=/  (6) 

Equations  1 through  5 yield  a standard  statistical  analysis  of  random,  unbiased, 
independent  data.  When 

CO-  = I I ( Z (7) 

the  equations  yield  the  one-dimensional  biasing  correction  proposed  in 
Reference  4.  Since  the  exact,  theoretical  correction  is  proportional  to  the 
inverse  of  the  magnitude  of  the  velocity  vector,  a better  estimate  of  the 
theoretical  weighting  factor,  which  can  be  calculated  from  these  two-component 
measurements  (Refs.  1 and  2),  is  given  by 

CO;  - I /(rf+y*)  ^ C8> 

As  shown  in  Table  I and  Table  II,  the  one-dimensional  (Eq.  7)  and 
the  two-component  (Eq.  8)  weighting  functions  yield  essentially  identical 
estimates  for  the  mean  velocity  components  and  the  root-mean-square  velocities 
in  the  nonseparated  boundary  layer.  This  is  because  U^>>V^  for  *11  of  the 

velocity  realizations.  There  are  differences  between  the  unweighted  (to^  = 1) 

and  the  weighted  estimates  but  these  are  not  particularly  large  differences. 

The  weighted  and  unweighted  estimates  of  the  mean  velocity  components  are 
compared  in  Figure  3.  Lines  have  been  sketched  through  the  data  points 
solely  for  visual  purposes.  Notice  that  the  differences  decrease  as  yt 
increases.  Estimates  of  the  root-mean-square  turbulence  were  not  plotted  for 
this  station;  however,  as  one  can  see  by  inspection  from  Table  II,  the  differ- 
ences between  the  weighted  and  unweighted  estimates  of  u’  and  v’  are  not 
statistically  significant. 
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TABLE  I 


COMPARISON  OF  MEAN  VELOCITY  ESTIMATES 
GIVEN  BY  VARIOUS  WEIGHTING  FUNCTIONS 
IN  A NONSEPARATED  BOUNDARY  LAYER,  STATION  X = 14.5 


COMPARISON  OF  ROOT-MEAN-SQUARE  TURBULENCE  VELOCITY  ESTIMATES 
GIVEN  BY  VARIOUS  WEIGHTING  FUNCTIONS  IN  A 
NONSEPARATED  BOUNDARY  LAYER,  STATION  X = 14.5 


TABLE  II 


( indies) 

N 

u' (ft/sec) 
Eq. (6) 

with  co. 
Eq . ( 7 ) 1 

given  by 
Eq. (8) 

v' (ft/sec) 
Eq. (6) 

with  to. 
Eq. (7)  1 

given  by 
Eq.  (8) 

.02 

287 

68 

66 

65 

30 

29 

29 

.06 

767 

76 

77 

77 

43 

43 

43 

.10 

807 

79 

79 

79 

47 

47 

47 

.20 

863 

76 

80 

79 

51 

52 

52 

.30 

858 

73 

76 

76 

48 

49 

49 

.40 

864 

64 

68 

68 

44 

45 

45 

.50 

818 

57 

61 

61 

40 

41 

41 

.60 

840 

42 

44 

44 

33 

33 

33 

.70 

833 

• 

34 

35 

35 

31 

31  • 

31 

.80 

834 

26 

27 

27 

27 

27 

27 

Yt 

N 

U (ft/sec)  with  to.  given  by 

V (ft/sec)  with  to. 

given  by 

(inches) 

Eq.  (6)  Eq . ( 7)  1 Eq.  (8) 

Eq.  (6)  Eq. (7) 

Eq.  (8) 

•j  1 


The  situation  is  dramatically  different  in  the  separated  boundary 
layer  at  station  x^  = 23.88  inches.  The  three  estimates  of  TJ,  V,  and  u'  are 


For  all  of  the  y - locations 


shown  respectively  on  Figures  4,  5,  and  6. 

greater  than  0.5  inches,  there  was  no  reverse  flow  and  the  three  estimates  in 
all  three  cases  converge  rapidly  as  yfc  increases.  However,  for  y less  than 

0.5  inches,  there  is  some  reverse  flow  and  there  are  significant  differences 
between  the  weighted  and  unweighted  estimates  as  well  as  significant  differ- 
ences between  the  one-dimensional  and  two-component  weighting.  Notice  that 
in  all  three  figures,  the  unweighted  estimates  and  the  two-component  weighted 
estimates  yield  smooth  and  very  reasonable  appearing  profiles.  From  this 
inspection  of  the  reduced  data,  there  is  no  criteria  that  can  be  applied  to 
accept  or  reject  either  the  unweighted  or  the  two-component  weighted  estimates 
of  U,  V,  and  u' . 


1 

fi 


The  scatter  in  the  one-dimensional  weighted  estimates  suggests  that 
there  is  a severe  problem  with  the  one-dimensional  weighting  when  there  is 
backflow  and  there  is.  Hie  problem  is  that  it  is  possible  for 


(n?)v*  « mv*n* 


Since  the  probe  volume  is  small  compared  to  the  scales  of  fluid  motion,  there 
is  essentially  no  probability  that  a particle  can  enter  the  probe  volume, 
come  to  rest,  and  then  leave  the  probe  volume.  That  is,  the  probability  for 
measuring  a zero  velocity  vector  is  zero.  However,  there  is  a good  proba- 
bility for  measuring  a zero  or  a near  zero  streamwise  velocity  component 
because  particles  can  pass  through  the  probe  volume  at  angles  that  are  at 
90°  to  the  streamwise  direction.  This  concept  has  been  verified  by  using 
the  computer  to  identify  all  of  the  simultaneous  data  sets  where  either 

(U.  ?)  2<  10  or  (U.  2 + V.2)H  < 50.  The  number  of  these  velocity  measurements 
iii 

that  had  magnitudes  below  various  limits  are  summarized  in  Table  III  for  all 
of  the  positions  with  reverse  flow.  The  point  is  that  the  one-dimensional 
weighting  factor  has  a singularity  when  U.  is  near  zero  and  this  situation 

does  occur  when  there  is  reverse  flow.  In  fact,  the  one-dimensional 
weighting  factor  was  not  allowed  to  exceed  one  for  the  estimates  shown  in 
Figures,  4,  5,  and  6.  Conversely,  the  two-component  weighting  function  did 
not  display  this  singularity.  Hie  minimum  value  detected  for  (th  2 + V^2) 

was  6.8  ft/sec.  This  is  contrasted  to  minimum  a value  for  (U. 2)  Vz  of  0.2 
ft/sec.  It  is  interesting  to  note  that  for  the  realization  tiiat  yielded  a 

minimum  value  for  (lh2)%,  Uh2  + V^2)  Vi  > 50  ft/sec.  Consequently,  it  is 

possible  and  practical  to  use  a two- component  weighting  function  when  there 
is  reverse  flow.  Moreover,  since  there  are  significant  differences  between 
the  unweighted  and  two-component  estimates  for  TJ,  V,  and  u',  research  should 
be  conducted  to  eliminate  the  ambiguity  about  whether  or  not  the  measurements 
need  a bias  sampling  correction. 
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TABLE  III 


NUMBER  OF  VELOCITY  MEASUREMENTS  WITH 
MAGNITUDES  NEAR  ZERO,  STATION  Xfc  = 23.88 


yt 

(inches) 

Total  Number 
• of 

Simultaneous  Data 

rr 

Number  Where  (U^z)  2 
10  ft/sec  5 ft/sec 

Less  Than 
2 ft/sec 

Number  Where 
y 

(U.2  + V.  2) 72  < 10  ft/sec 

0.02 

168 

5 

3 

WKm 

1 1 

3 

0.05 

472 

6 

5 

SB 

0 

0.10 

347 

6 

4 

0 

0.15 

525 

13 

8 

0 

0.20 

445 

8 

4 

0 

0.25 

374 

11 

7 

0 

0.30 

471 

4 

1 

- ; E 

0 

0.35 

660 

1 

0 

0 

0 

0.40 

712 

3 

3 

2 

0 

0.45 

715 

1 

1 

1 

1 0 

PARTICLE  DYNAMICS 

The  analysis  for  particle  motion  in  a laminar  flow  field  begins 
with  an  equation  that  is  similar  to  the  following  (Ref.  8) . 

" f/  “ «$" “ K^-Ur)  - - »'[#-  #/ 

s-rmwi  Jt 

-i  c**n,/a 


Here 


™ = *V3  ^ rn'-  V/j 

and  K is  a factor  that  accounts  for  deviations  from  Stokes’  law  drag. 

It  is  instructive  to  carefully  inspect  Eq.  (9)  from  the  position 
of  a LV  operator  who  has  information  about  the  particle  velocities  rather 
than  information  about  the  flow  field.  We  will  do  this  inspection  for  the 
simplest  form  of  Eq.  (9)  that  is  of  interest.  When  the  particle  density  is 
much  greater  than  the  fluid  density,  as  it  is  for  particles  in  an  air  flow, 
the  second  and  third  terms  on  the  right-hand  side  of  the  equation  are  small 
and  can  be  neglected  (Refs.  9 and  10) . When  the  particles  are  sufficiently 
small,  the  fourth  term  is  also  negligible.  The  resulting  equation, • which  has 
been  used  (e.g..  Refs.  11  and  12)  for  studying  particle  lag  in  regions  of 


(9) 


I 

I 

I 

I 

I 

( 

I 

r 

i 


(10)  & (11) 
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particle  acceleration,  the  particle  size,  and  the  particle  density  before 


| 


Ione  can  use  Eq.  (12)  to  solve  for  the  fluid  velocity.  The  LV  system  yields 
the  particle  velocity  and  there  is  currently  under  development  at  AEDC 
additional  instrumentation  that  will  potentially  yield  particle  size,  in 
the  range  of  interest,  from  the  LV  signal.  (The  particle  size  measurement 
is  based  upon  the  visibility  function  concept.  Reference  13.)  With  the 
current  LV  systems,  the  particle  acceleration  must  be  deduced  from  spatial 
distributions  of  the  particle  velocity.  In  naturally  seeded  flows,  variations 
in  particle  size  and  particle  density  will  yield  dispersions  in  the  particle 
velocity  at  each  point  in  the  flow.  Therefore,  the  particle  velocity  would 
have  to  be  measured  for  the  same  particle  at  two  closely  spaced  points  in  the 
flow  before  the  acceleration  of  the  particle  could  be  accurately  estimated. 

The  complexity  of  two  velocity  measurements,  at  least  one  particle  size 
measurement  plus  a particle  density  estimate  for  each  particle,  makes  this 
approach  for  deducing  fluid  velocity  impractical. 

Instead,  the  approach  which  has  been  used  with  success  (Ref.  5) 
and  which  could  be  substantially  improved  with  simultaneous  particle  size 
measurement  is  the  following.  Using  conservative  estimates  about  the  flow 
field  and  particle  density,  one  can  use  a particle  motion  analysis  to 
determine  the  size  of  particles  that  will  follow  prescribed  (conservatively 
estimated)  fluid  accelerations  with  am  acceptable  accuracy.  Then,  either 


the  particles  that  are  too  large  must  be  physically  eliminated  from  the  seed, 
or  the  particle  size  measurement  must  be  used  to  reject  signals  from  particles 
that  are  too  large  to  follow  the  fluid  accelerations  and  fluctuations.  Of 
course,  there  will  be  regions  where  all  of  the  particles  that  are  detectable 
with  the  LV  system  will  not  follow  the  flow,  such  as  near  a strong  shock  wave. 
However,  outside  of  these  regions  that  could  be  conservatively  defined  by 
analysis,  the  LV  signals  from  the  particle  sizes  determined  to  be  acceptable 
from  the  analysis  would  yield  accurate  estimates  of  the  local  fluid  velocity. 
Rejection  of  signals  from  particles  that  are  too  large  or  elimination  of 
these  large  particles  from  the  seed  population  will  be  required  before 
accurate  fluid  measurements  will  be  obtained  near  any  region  of  strong 
acceleration,  large  fluctuations,  or  severe  streamline  curvature. 


This  latter  approach  is  the  technique  that  must  be  used  in  all 
turbulent  flows  because  the  random  nature  of  the  flow  field  and  particle 
motions  make  the  first  approach  even  more  impractical.  Particle  motion  in 
turbulent  flows  is  discussed  in  References  0-10  and  14-17.  The  basic  approach 
in  all  seven  references  is  similar,  however,  Berman  (Ref.  8)  provides  the 
best  description  of  the  assumptions  and  the  application  of  the  analysis  to  a 
turbulent  flow  field.  As  discussed  by  Berman,  two  additional  terms  must  be 
added  to  Eq.  (9)  before  it, will  describe  the  motion  of  a particle  in  a 
fluctuating  velocity  field.  However,  by  neglecting  any  possible  influence 
of  walls  and  by  neglecting  terms  that  are  small  for  the  particles  and  flows 
of  interest  in  LV  applications,  the  differential  equation  that  is  used  to 
model  the  particle  motion  in  turbulent  flows  is  normally  some  variation  of 


Solutions  for  fluctuations  about  the  mean  motion  are  sought  and  the  fluid 
velocity  is  given  by  U = u sin  cot  (Eq.  16) . That  is, the  problem  is  posed  in 
terms  of  motion  relative  to  the  time-average  motion  of  the  fluid. 


A basic  assumption  required  in  the  derivation  of  Eq.  (13)  is  that 
the  particle  path  line  and  the  fluid  streamline  correspond.  As  discussed  by 
Soo  (Ref.  9)  this  is  not  true.  However,  if  a distinction  is  made  between 
the  particle  path  line  and  the  fluid  streamline,  the  problem  is  intractable 
(Refs.  8,  9,  and  14) . One  analysis  (Ref.  16)  uses  an  ad  hoc  method  for 
relaxing  this  assumption  and  this  will  be  discussed  later.  The  important 
point  is  that  Eq.  (13)  and  the  analysis  for  turbulent  fluctuations  represent 
the  particle  motion  from  a Lagrangian  point  of  view. 


The  basic  concern  for  LV  operation  is  that  a turbulent  flow  consists 
of  a broad  range  of  fluid  fluctuations  and  the  question  is  whether  or  not  the 
particles  will  adequately  follow  the  higher  frequency  fluctuations.  The 
question  is  somewhat  more  subtle  than  it  first  appears.  If  one  is  interested 
in  deducing  the  raean-square-f luid  fluctuation  velocity,  then  it  is  related  to 
the  mean-square-particle  fluctuation  velocity  by 

j-oe> 

Up  =■  U*  j 3 (oo)  r(co)  dio 


Here,  g(u>)  = u * (w)/u  (to)  (Eq.  18)  is  obtained  from  the  solution  of  Eq.  (13). 

The  function  f(u))  is  a normalized,  one-dimensional  energy  spectra  of  the 
fluid  fluctuations.  Since  the  analysis  for  the  particle  motion  is  basically 
a Lagrangian  formulation,  the  most  accurate  energy  spectrum  to  use  with  this 
analysis  would  be  a Lagrangian  spectrum.  However,  Lagrangian  spectra  have 
not  been  measured  and  therefore  Eulerian  spectra  must  be  used.  These  Eulerian 
spectra  probably  provide  a conservative  estimate  of  the  relative  fluid  fluctu- 
ations seen  by  the  particle. 


It  is  also  important  to  note  that  the  Eulerian  one-dimensional  energy 
spectra  decrease  at  a very  rapid  rate  as  w increases.  As  an  approximation, 
Berman  (Ref.  8)  described  f(to)  as  a constant  for  frequencies  below  f^,  and  for 

frequencies  greater  than  f , he  assumed  that  f((i))A»u"2  (Eq.  19).  Although 

Berman  proposed  this  approximation  for  turbulent  jets,  it  is  also  a reasonable 
approximation  for  boundary  layers. 


It  will  be  assumed  that  Klebanoff's  measurements  of  one-dimensional 
energy  spectra  in  a subsonic  boundary  layer  (see  Ref.  14,  p.  652)  are  repre- 
sentative of  the  fluctuations  in  the  IT  boundary  layer.  Using  these  spectra, 
one  concludes  that  f is  about  21jkHz  when  the  local  velocity  is  300  m/s  and 
that  Berman's  analysis  and  results  for  particle  motion  in  a jet  (Ref.  8)  are 
applicable.  These  results  indicate  that  for  1 ym  diameter  particles  there 

TC  K* 

will  be  a negligible  difference  between  u and  u . However,  there  will  be 

P 

a significant  difference  (on  the  order  of  10  to  20  percent)  for  2 ym  diameter 
particles.  , 


The  situation  is  considerably  different  for  LV  measurements  of 
the  energy  spectra  itself.  In  this  case,  the  energy  spectrum  function  for 
the  particles  is  given  by  (see  Ref.  9) 

fpCco)  = (& I *(<*>) 

Thus,  f (to)  = f((u)  only  when  g(u))  =1.  As  shown  in  Reference  16,  particles 
with  diameters  less  than  0.5  ym  are  required  to  meet  this  requirement  for 
frequencies  on  the  order  of  20kHz.  Measurements  at  these  frequencies  would 
be  required  to  yield  a reasonable  definition  of  f (ui)  in  the  IT  boundary 
layers . 

While  some  of  the  other  analyses  use  different  spectra  and  different 
relationships  for  the  viscous  drag,  the  conclusions  are  basically  the  same. 

In  Reference  16,  an  ad  hoc  attempt  is  made  to  account  for  the  differences 
between  the  particle  path  line  and  the  fluid  streamline.  The  results  from 
this  part  of  Reference  16  do  yield  different  results.  However,  these  results 
are  unrealistic  for  low  frequency  fluctuations. 


Common  to  all  current  analyses  of  particle  motion  in  turbulent  flows 
is  the  assumption  that  the  particles  are  small  compared  to  the  size  of  the 
smallest  eddy  of  turbulent  motion.  The  major  consequence  of  this  assumption 
is  that  it  allows  one  to  neglect  lift  forces  on  the  p&tticle  due  to  rotation 
of  the  particle  relative  to  the  fluid.  The  additional  assumption  implicit 
to  this  reasoning  is  that  within  an  eddy  the  velocity  gradients  are  small. 
These  assumptions  require  closer  inspection  for  the  region  very  near  the  wall 
where  the  eddies  are  severely  stretched  in  the  streamwise  direction.  There- 
fore, estimates  of  the  ratio  between  the  lift  and  drag  forces  on  a spherical 
particles  have  been  made  by  assuming  that  the  particle  rotation  is  equal  to 
one-half  of  the  fluid  velocity  gradient.  The  maximum  velocity  gradient  was 
estimated  to  be  5 x 10 5 (sec)  1 (ibout  twice  the  value  for  the  gradient  of 
the  time-average  velocity  at  the  wall) . Representative  fluid  properties  were 
estimated  by  using  measured  stagnation  conditions  and  by  assuming  that  the 
flow  was  isentropic.  In  particular  . 


f = 0.07 
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A complicating  feature  of  this  analysis  is  that  there  are  two 
significantly  different  theoretical  results  for  the  lift  force  when  a 
particle  is  in  the  Stokes  flow  regime.  The  analysis  of  Rubinow  and  Keller 
(Ref.  18)  gives  jri  i dU  z 

JlL  - X f 
|/=J 

However,  the  analysis  of  Saffman  (Ref.  19)  yields  . 
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The  data  of  Jeffrey  and  Pearson  (Ref.  20)  tend  to  support  Rubinow  and  Keller's 
result  but  the  experiments  were  not  totally  conclusive.  Equation  (22) 
yields  ratios  of  lift  to  drag  that  vary  from  6 x 10~5  for  1 ym  diameter 
particles  to  1.5  x 10-3  for  5 ym  particles.  However,  Eq.  (23)  gives  ratios 
of  lift  to  drag  that  vary  from  8.2  x 10-2  for  1 ym  diameter  particles  to 
0.16  for  2 ym  particles  and  to  0.4  for  5 ym  particles.  Therefore,  if 
Saffman's  analysis  is  correct,  there  will  be  significant  lift  forces  on 
particles  larger  than  2 ym  in  the  high  velocity  gradient  near  the  wall 
(y  <0.1  inches).  This  would  bias  the  measurements  of  the  velocity  .component 
normal  to  the  wall  in  this  region.  However,  this  effect  will  be  confined  to  a 
thin  region  near  the  wall  because  the  fluid  velocity  gradient  decreases  rapidly 
as  y.  increases. 
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Of  all  the  analyses  of  particle  motion  in  turbulent  flows,  only 
the  one  due  to  Soo  and  Tien  (Ref.  21)  considers  the  effect  of  the  wall  upon 
the  particle  motion.  Since  this  analysis  is  based  upon  the  inviscid,  potential 
flow,  solution  of  the  fluid  motion  induced  by  a particle  moving  near  a wall, 
it  is  most  appropriately  used  to  estimate  the  effect  of  the  wall  upon  the 
velocity  component  of  the  particle  normal  to  the  wall.  Their  solution  for  the 
ratio  of  the  normal  components  of  the  mean-square  fluctuation  fluid  velocity 
is  a function  of  the  fluid  viscosity  and  density,  particle  size  and  density, 
distance  of  the  particle  from  the  wall,  mean-square-fluctuation  fluid  velocity 
normal  to  the  wall  and  the  Lagrangian  microscale  of  the  fluid  motion.  With 
the  exception  of  the  Lagrangian  microscale,  all  of  the  variables  can  be  either 
specified  or  estimated  with  reasonable  accuracy.  The  difficulty  with  esti- 
mating the  Lagrangian  microscale  is  discussed  in  Reference  14  (pp  416-427) . 
Following  various  suggestions  in  Reference  14,  three  different  estimates  of 
the  microscale  were  made.  These  include:  1)  Setting  the  microscale  equal 

to  the  distance  of  the  particle  from  the  wall  (minimum  distance  used  was 
0.001  ft);  2)  Assuming  that  the  Lagrangian  integral  scale  is  equal  to  the 
measured  boundary  layer  thickness;  and  3)  Using  one-dimensional  energy 
spectra  from  an  incompressible  flat  plate  boundary  (Ref.  14,  p 652)  to 
estimate  the  Eulerian  integral  scale  (Ref.  14,  p 65) . The  Lagrangian  and 
Eulerian  integral  scales  are  then  assumed  to  be  equal.  The  last  two  approaches 
require  a relationship  between  the  Lagrangian  microscale  and  the  Lagrangian 
integral  scale.  This  was  obtained  from  the  analytical  approximation  for  the 
Lagrangian  power  spectrum  function  used  by  Soo  and  Tien  (Ref.  21) . The 
conclusions  based  upon  predictions  for  1 Um  diameter  sand  particles  in  the 
IT  boundary  layers  depend  somewhat  upon  the  method  used  to  estimate  the 
Lagrangian  microscale.  Using  methods  2)  and  3)  above,  one  predicts  that  the 
wall  will  not  affect  the  particle  motion  and  that  v ' = v'.  However,  using 
method  1) , one  predicts  that  there  will  be  a signifScant  effect  upon  measure- 
ments within  distances  on  the  order  of  0.001  ft.  from  the  wall.  For  distances 
greater  than  J.01  ft.,  method  1)  also  predicts  that  v ' = v'. 

Consequently,  these  considerations  of  particle  lift  and  interaction  ‘ 
with  the  wall  yield  the  conclusion  that  there  is  no  special  difficulty  with 
particle  tracking  caused  by  the  wall  in  the  IT  bump  tests  until  the  probe 
volume  is  less  than  0.1  inches  from  the  surface.  It  should  be  emphasized 
that  these  concerns  for  particle  tracking  within  0.1  inches  from  the  wall 
are  based  on  conservative  engineering  estimates  and  that  they  are  restricted 
to  measurement  of  statistical  quantities  involving  the  velocity  component 
normal  to  the  wall. 

This  analysis  of  particle  tracking  has  not  considered  situations 
where  the  streamline  curvature  is  large.  Additional  consideration  needs  to 
be  given  to  this  problem. 


I 
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CONCLUSIONS  AND  RECOMMENDATIONS 

The  analysis  of  biased  sampling  showed  that  there  are  differences 
between  using  weighted  estimates  derived  to  correct  for  biased  sampling  and 
unweighted  estimates  for  the  mean  and  root-mean-square  fluctuation  \ -locity 
components.  The  differences  are  relatively  small  for  the  unseparate  i 
boundary  layer;  however,  the  differences  become  quite  large  in  the  separated 
region.  Moreover,  close  inspection  of  the  two-component  weighting  function 
showed  that  it  does  not  have  the  singularity  displayed  by  the  one-dimensional 
weighting  function  when  the  histogram  includes  both  negative  and  positive 
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velocities.  Therefore,  it  appears  to  be  practical  to  use  the  simultaneous 
two-component  measurements  to  calculate  weighted  estimates  of  the  velocity 
functions  in  any  situation.  Definitive  experiments  are  now  needed  to 
determine  whether  two-component  weighted  estimates  or  unweighted  estimates 
should  be  used  in  the  wind  tunnel  flows.  The  experiments  should  determine 
whether  or  not  biased  sampling  is  a function  of  particle  arrival  rate  and 
whether  or  not  the  higher  probability  for  detecting  slow  particles  compen- 
sates for  biased  sampling  in  naturally  seeded  flows.  Until  these  experiments 
are  conducted,  there  will  be  a small  ambiguity  in  the  estimates  within  the 
unseparated  boundary  layer  and  a large  ambiguity  in  the  estimates  of  the 
velocity  statistics  within  separated  regions  of  flow.  It  should  be  emphasized 
that  the  LV  offers  a unique  opportunity  for  making  measurements  within 
separated  regions. 

Inspection  of  the  equations  for  particle  motion  indicates  that  it 
is  impractical  to  measure  enough  information  about  each  particle  to  deduce 
fluid  velocity  from  a particle  distribution  in  which  Borne  particles  do  not 
adequately  follow  the  fluid  accelerations  and  fluctuations.  Therefore,  it 
is  recommended  that  either  (1)  the  seed  should  be  controlled  so  that  the 
large  majority  of  the  particles  adequately  follow  the  flow,  or  (2)  a 
particle  size  measurement  should  be  used  to  reject  signals  from  the  particles 
that  are  too  large.  An  analysis  of  the  particle  motion  in  a prescribed 
(conservatively  estimated)  flow  field  can  yield  estimates  of  the  required 
particle  sizes. 

The  analysis  for  particle  motion  in  turbulent  flows  indicated  that 
accurate  measurements  of  the  root-mean-square  fluctuation  velocities  can  be 
made  in  the  IT  boundary  layers  when  the  scattering  particles  are  less  than 
or  equal  to  1 ym  in  diameter.  Signals  from  particles  2 ym  in  diameter  and 
larger  should  be  eliminated  or  rejected  from  the  data  ensemble.  Particles 
smaller  than  0.5  pm  are  required  for  an  accurate  determination  of  the  energy 
spectra. 

The  analysis  also  showed  that  there  may  be  a problem  with  particle 
migration  due  to  lift  forces  and  a problem  due  to  the  damping  effect  of  the 
wall  itself  for  positions  within  0.1  inches  of  the  wall.  These  two  problems 
could  affect  all  of  the  velocity  statistics  involving  the  velocity  component 
normal  to  the  wall.  Statistical  estimates  involving  the  velocity  component 
tangent  to  the  wall  should  not  be  affected.  Due  to  the  rather  large  un- 
certainties involved  in  the  analysis,  it  is  recommended  that  experiments 
with  controlled  seed  be  conducted  to  verify  the  assumptions  in  these  analyses. 

Considerations  of  particle  dynamics  such  as  those  used  here  should 
be  used  to  design  LV  experiments  and  to  interpret  the  accuracy  of  LV 
measurements.  It  should  be  emphasized  that  the  difficulties  discussed  in 
this  report  are  generally  restricted  to  small  regions  in  the  flow  field  where 
there  are  strong  accelerations  and  large  velocity  fluctuations.  While  these 
effects  place  some  limitations  upon  the  application  of  laser  velocimeters , 
they  do  not  destroy  the  great  potential  of  this  instrument. 
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FIGURE  2.  MEASUREMENT  STATIONS,  BUMP  CONTOUR,  AND  FREE-STREAM  PROFILES  OF  VELOCITY  AND  PRESSURE 
RATIO  FOR  THE  IT  BUMP  TESTS 
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METHODS  TO  QUANTIFY  CONSTITUENTS 
IN  BINARY  COMPONENT  CRYODEPOSITS 


, by 

Kent  F.  Palmer 


ABSTRACT 


Determination  of  the  molecular  composition  of  cryodeposits  is  a technical 
requirement  of  many  research  areas  of  interest  to  the  Air  Force,  including 
investigations  of  the  degradation  of  sensor  optics  performance  and  plume  con- 
tamination studies.  The  first  step  towards  establishing  an  analysis  technique 
for  multicomponent  cryodeposits  is  the  development  of  a method  for  finding  the 
concentration  of  molecular  species  in  a two-component  cryodeposit. 

In  this  study,  several  methods  are  examined  for  finding  the  concentrations 
of  the  infrared  active  molecular  species  in  binary  component  cryodeposits.  The 
methods  depend  on  known  accurate  values  of  the  real  and  imaginary  refractive 
indices  throughout  the  infrared  spectrum.  These  indices  mui-t  be  obtained  from 
the  cryodeposit  being  analyzed  and  from  cryodeposits  used  as  standards  for 
the  various  molecular  species  involved.  A preliminary  examination  of  the  methods, 
using  existing  data,  indicates  that  methods  which  incorporate  the  measured 
strengths  of  absorption  bands  would  be  the  most  reliable  in  determining  species 
concentration. 

The  techniques  for  obtaining  accurate  values  of  the  indices  of  cryodeposits 
are  discussed.  The  importance  of  more  optical  data,  both  infrared  and  Raman,  is 
stressed,  and  recommendations  concerning  future  experiments  are  given. 
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When  gas  molecules  come  into  contact  with  a cryogenic  surface,  those 
molecular  species  which  normally  exist  in  the  liquid  or  solid  state  at  the 
temperature  of  the  surface  and  at  that  ambient  pressure  will  condense  in 
the  same  manner  that  water  frost  forms  on  a cold  window.  Condensing  rocket 
exhaust  products  and  residual  atmospheric  gases  can  form  solid  films  on 
cryosurfaces  cooled  to  temperatures  like  those  of  liquid  nitrogen  (77K)  or 
gaseous  helium  (20K) . These  solid  films  are  termed  cryodeposits  and  may 
affect  the  performance  of  onboard  spacecraft  equipment.  If  cryodeposits  form 
on  cooled  surfaces  of  infrared  (IR)  sensors,  the  interference  and  absorptive 
properties  of  the  cryodeposits  can  seriously  degrade  the  sensitivity  of  the 
sensor  (Ref  1) . 

The  optical  properties  of  cryodeposits  depend  on  the  species  and  concen- 
tration of  the  molecules  contained  in  the  film.  The  expectation  that 
measurement  of  the  optical  properties  of  a cryodeposit  will  provide  the 
information  needed  to  identify  the  molecular  species  in  the  film  and  thdir 
concentration  is  the  impetus  for  this  work.  For  example,  a cryosurface  may 
be  placed  at  a point  in  an  environmental  test  chamber  where  analysis  of  the 
composition  of  the  gases  present  is  desired.  Samples  of  interest  include 
exhaust  products,  outgassing  products,  chamber  contaminants,  and  atmospheric 
species.  If  an  IR  beam  is  reflected  from  or  transmitted  through  the  cryo- 
surface and  art  adhering  cryodeposit,  the  IR  optical  properties  of  the 
cryodeposit  can  be  measured.  Provided  a scheme  for  decoding  the  optical 
spectra  is  developed,  the  molecular  species  present  can  be  identified  and 
their  concentrations  be  found. 

A typical  cryodeposit  is  on  the  order  of  one  or  several  micrometers  in 
thickness,  and  composed  of  several  constituents.  The  first  step  towards 
developing  an  in  situ  diagnostic  tool  for  multicomponent  cryodeposits  is  to 
devise  an  analysis  method  for  two-component  cryodeposits.  Such  a method  is 
the  primary  goal  of  the  present  work. 

OBJECTIVES 

The  objectives  of  this  e fort  are: 

1.  To  develop  in  in  situ  diagnostic  method,  using  IR  techniques,  for 
identifying  constituent1;  in  cryodeposits  formed  from  mixtures  of  two 
gaseous  corn*  one  . ts.  The  molecular  species  to  be  studied  are  the 
dominant  atmospheric  gases  N2  and  O2,  and  those  found  in  rocket 
exhausts,  such  as  CO2,  H2O,  NH3,  CO,  CH4  and  HC1. 

2.  To  recommend  check-out  procedures  for  determining  the  validity 
of  the  diagnostic  method  for  two-component  cryodeposits. 

3.  To  determine  the  criteria  for  extending  the  diagnostic  method  to 
analysis  of  multicomponent  cryodeposits. 
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THEORY 


The  optical  properties  of  any  material  are  conveniently  summarized  by 
its  complex  index  of  refraction  n (v) , defined  as 

n(\})  =.  7l(\>)  4-  ik(\>)  (1) 

for  each  value  of  the  wavenumber  v,  the  reciprocal  of  the  wavelength  of 
incident  radiation.  The  circumflex  indicates  a complex  quantity.  In 
equation  (1)  the  real  or  refractive  index  n is  the  ratio  of  the  speed  of 
light  in  vacuo  to  the  speed  of  light  in  the  material,  and  the  imaginary  index 
k is  the  absorption  index  or  the  extinction  coefficient.  Note  that  k does 
not  include  attenuation  of  radiation  by  scattering.  The  "plus"  sign  in 
euqation  (1)  indicates  the  author's  choice  of  the  time  dependence  of  incident 
radiation  to  be  exp  (-iwt) , w being  the  radian  frequency. 

IR  active  molecular  species  have  characteristic  vibrational  modes  which 
are  easily  excited  by  absorption  of  IR  radiation  having  the  corresponding 
characteristic  wavenumber  (Ref  3).  CC>2,  H2O,  NH3,  CO,  CH4  and  HC1  are  IR 

active  species  and  in  the  solid  phase  have  widely  separated  absorption  bands 
(Ref  1 and  2).  Characteristic  vibrational  bands  observed  in  the  n and  k 
spectra  of  a cryodeposit  can  be  used  to  ascertain  the  presence  of  an  IR  active 
species  in  the  film.  The  problem  of  overlapping  vibrational  absorptions  of 
different  species  is  not  serious  for  cryodeposits  composed  of  a mixture  of 
any  two  of  the  above  molecules.  The  presence  of  IR  inactive  species  like  N2 
and  O2  must  be  determined  from  other  methods  such  as  Raman  techniques. 

To  determine  the  concentration  of  a given  molecular  species  in  a cryo- 
deposit, the  following  assumptions  have  been  tentatively  adopted.  For  a 
cryodeposit  formed  by  a homogeneous  mixture  of  molecular  constituents , the 
total  observed  n and  k is  a linear  sum  of  contributions  from  each  constituent; 
furthermore,  each  constituent's  contribution  is  proportional  to  its  molar 
concentration.  Physically  these  assumptions  are  equivalent  to  neglecting  any 
change  in  the  intermolecular  forces  among  the  molecules  in  the  cryodeposit 
when  the  concentrations  of  the  molecular  species  are  altered.  These  assumptions 
have  been  applied  to  aqueous  solutions  of  some  inorganic  compounds  (Ref  4). 

They  are  probably  not  valid  for  the  low  concentrations  of  a species  (less 
than  one  part  per  thousand)  in  a solid  matrix  of  a host  molecule  (Ref  5) . 

The  hypotheses  must  also  be  modified  for  constituents  of  a cryodeposit  which 
react  chemically. 

If  n^  and  k^  are  the  contributions  of  the  ith  molecular  constituent  to 
the  n and  k values  of  a cryodeposit  composed  of  N species,  the  first  assumption 
is  stated  mathematically  as  ^ 


k(0)*  I 

k-  CO) 

l-i 

CM 

V— ' 

•n  W) » £ 

i=i 

TV  (0) 
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at  every  wavenumber  v.  If  ngi  and  ks^  are  the  known  indices  of  species  i at 
a known  "standard"  molar  concentration  cg^  (mole/unit  volume) , the  second 
assumption  can  be  written 


where  c^  Is  the  molar  concentration  of  species  i in  the  cryodeposit 
Combining  equations  (2)  and  (3)  with  (4)  and  (5)  gives 


for  the  indices  of  the  cryodeposit 


The  average  density,  p,  of  a cryodeposit  with  a volume,  V,  is 


where  is  the  mass  of  molecular  species  i contained  in  volume,  V.  The  mass 
of  species  i per  unit  volume  can  also  be  written  as  c^W^  where  is  the 
molecular  weight.  Equation  (8)  is  then 


- 


A direct  consequence  of  the  above  assumptions  is  the  calculation  of  vib- 
rational band  strengths  for  IR  active  molecular  species.  If  Sij  represents 
the  band  strength  of  vibrational  band  j of  molecular  species  i,  then 


= .<2f'  ( k'(S»  ^ 


(IP) 


where  the  integration  ranges  over  band  j (Ref  4).  In  particular,  for  the 
standard  spectra  of  species  i 


(ID 


Equating  equations  (10)  and  (11)  yields 


cl 

Csi 


alt,  k;(?)d\> 


(12) 


Equation  (12)  represents  less  stringent  constraints  than  the  original  assumptions . 
The  requirement  that  the  intermolecular  forces  not  change,  as  species  concentra- 
tions are  changed,  is  relaxed  to  allow  changes  in  the  k (and  n)  spectrum  of 
the  cryodeposit  provided  the  band  strengths  are  not  affected. 


Equations  (6),  (7),  and  (12)  must  be  checked  empirically  to  ascertain  their 
validity.  If  the  checks  are  negative,  these  equations  must  be  replaced  by 
others  based  on  different  assumptions  such  as  those  concerning  the  molar 
refractivity  (Ref  6).  A preliminary  test  of  equations  (6),  (i),  and  (12)  is 
presented  later  in  the  report. 

METHODS  OF  ANALYSIS 


In  this  section  several  methods  for  the  determination  of  the  concentration 
of  molecular  species  in  a cryodeposit  are  outlined.  The  procedures  are  based 
on  equations  (6),  (7),  and  (12)  and  their  underlying  assumptions. 

As  mentioned  earlier,  the  identification  of  IR  active  molecular  species  in 
a cryodeposit  can  be  found  from  characteristic  vibrational  bands  in  the  IR 
k-spectrum  of  the  cryodeposit.  The  optical  identification  of  IR  inactive  species 
must  be  done  by  Raman  techniques.  The  presence  of  IR  inactive  species,  however, 
can  be  inferred  from  the  IR  data  alone.  For  instance,  if  after  the  IR  species 
concentrations  are  determined,  the  sum  in  equation  (9)  is  calculated  to  be  less 
than  the  observed  density  of  the  cryodeposit,  the.  missing  contribution  to  the 
density  may  be  attributed  to  IR  inactive  species. 

In  equations  (6),  (7),  and  (12)  the  molar  concentrations  relative  to  the 
standard  molar  concentrations  are  determined  for  each  molecular  species  in  a 
cryodeposit.  The  absolute  molar  concentrations  can  be  determined  if  the  standard 
molar  concentration  is  known.  The  following  methods  of  determining  concentrations 
are  proposed. 
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METHOD  1 


If  k of  the  cryodeposit  is  measured  at  1^  different  wavenumbers,  the  lfc 
relations  in  equation  (6)  can  be  solved  in  a linear  least  squares  procedure 
to  find  the  relative  concentrations  ci/csi,  provided  that  1^  is  greater  than, 
or  equal  to,  the  number  of  (IR  active)  species  contributing  to  the  IR  absorption 
The  method  would  be  applicable  to  the  absorption  regions,  and  would  not  account 
for  IR  inactive  species.  Equation  (9)  can  be  used  as  a check  of  the 
analysis  if  an  accurate  density  of  the  cryodeposit  is  known. 


METHOD  2 


Method  2 is  a least  squares  determination  analogous  to  Method  1,  but  here 
1 values  of  n are  used  in  equation  (7).  The  method  is  sensitive  to  IR  inactive 
species  as  well  as  the  IR  active.  Again,  equation  (9)  can  be  used  to  check 
the  results. 


METHOD  3 


Method  3 is  the  simultaneous  use  of  both  Methods  1 and  2,  with  the  advantage 
of  having  both  n and  k in  the  calculation.  The  concentrations  of  both  IR 
active  and  IR  inactive  species  could  be  found  if  the  sum  of  1^  and  1^  equals 
at  least  the  total  number  of  species  in  the  cryodeposit. 


METHOD  4 


Method  4 utilizes  equation  (12)  for  each  vibrational  band  identified  with 
species  in  the  k spectrum  of  the  cryodeposit.  If  more  than  one  band  can  be 
used,  an  average  value  of  the  relative  molar  concentration  can  be  found.  Of 
course,  only  the  concentrations  of  IR  active  species  can  be  determined. 


The  number  of  data  points  that  can  be  used  in  Methods  1 , 2 , and  3 would 
normally  be  vastly  larger  than  the  number  of  useful  vibrational  bands  needed 
in  Method  4.  However,  Methods  1-3  are  wavenumber-by-wavenumber  comparisons 
of  the  unknown  n and  k spectra  with  those  of  the  standard  cryodeposits . 
Thus,  these  methods  are  especially  sensitive  to  differences  in  the  compared 
spectra  such  as  shifts  in  the  vibrational  band  positions  or  their  intensities 
which  could  be  caused  by  differences  in  the  intermolecular  forces  (Ref  5)  or 
by  spectrometer  calibration  errors.  The  wavenumber  integrals  of  k used  in 
Method  4 are  less  sensitive  to  these  types  of  differences,  but  only  concentra 
tions  of  TR  active  species  can  be  determined  from  equation  (12). 


DETERMINATION  OF  THE  REFRACTIVE  INDICES 


Accurate  values  of  the  complex  refractive  index  n are  needed  to  find 
species  concentrations  with  the  proposed  methods.  The  indices  of  the  sample 
cryodeposit,  and  those  of  the  standard  cryodeposits,  must  be  precisely  deter- 
mined throughout  the  IR  and  visible,  regions.  Much  of  the  effort  this  summer 
was  devoted  to  evaluating  the  accuracy  of  existing  n and  k spectra. 


In  previous  AEDC  studies  (Ref  1 and  2)  the  lamellar  model  of  cryodeposits 
was  used  to  interpret  IR  spectra.  In  this  model  the  cryodeposit  is  an 
isotropic  homogeneous  film  of  uniform  thickness  and  formed  on  a highly  specular 
substrate  (Fig  1).  The  real  index  of  the  film  and  its  thickness  can  be  found, 
in  regions  of  no  absorption,  by  the  two-angle  Interference  method  developed 
by  Templemeyer  (Ref  7).  The  thickness  of  the  cryodeposit  is  necessary  for 
determining  its  indices.  In  the  future,  simultaneous  measurement  of  the  mass 
deposition  using  a quartz  crystal  microbalance  (QCM)  will  permit  the  density 
of  the  cryodeposit  to  be  calculated.  The  density  is  needed  to  determine 
absolute  molar  concentrations  of  the  standard  cryodeposits  and  to  check 
equation  (9).  At  a given  wavenumber  the  complex  index  fi  (v)  of  a lamellar 
cryodeposit  is  fixed,  and  its  reflectance  or  transmittance  varies  only  with 
thickness.  When  reflectance  or  transmittance  are  measured  at  two  or  more  thick- 
ness values,  the  indices  n (v)  and  k (v)  of  the  cryodeposit  can  be  found  by  a 
least  squares  fit  to  an  appropriate  model. 

The  model  for  the  normal  reflectance  of  a lamellar  cryodeposit,  relative 
to  a bare  mirror  substrate,  is  presented  in  the  work  of  Arnold  et  al. (Ref  1). 

The  author  analyzed  a portion  of  the  NH3/N2  cryodeposit  spectra  contained  in 
Ref  1 using  his  own  least  squares  computer  program.  The  computed  spectra  are 
shown  in  Figures  2 and  3,  and  discussed  in  the  next  section.  The  relative 
computational  errors,  using  six  thicknesses,  ranged  from  1 to  5%  for  the 
n values,  and  from  2 to  15%  for  the  k values.  In  general,  the  errors  in  n are 
larger  in  the  absorption  region,  and  the  errors  in  k are  larger  in  regions  of 
little  absorption  and  at  the  peaks  of  very  strong  absorption  regions. 

Pipes  et  al.  (Ref  2)  give  a model  for  the  normal  transmittance  of  a thin 
lamellar  film  deposited  on  a thick  transparent  substrate  (See  Fig  1).  The 
model  was  integrated  into  the  author's  nonlinear  least  squares  computer  program 
to  fit  transmission  data,  at  a given  wavenumber,  as  a function  of  cryodeposit 
thickness.  This  program  incorporates  the  maximum  neighborhood  algorithm  of 
Marquardt  (Ref  8) . The  algorithm  provides  converged  values  of  the  indices 
about  30  to  60  tiroes  faster  than  the  program  utilized  in  Ref  2;  however, 
differences  in  resulting  index  values  are  negligible  in  almost  all  cases. 

The  program  fitted  transmission  data  for  sixteen  thicknesses  of  an  80°K 

cryodeposit.  In  general  the  range  of  the  relative  computational  errors 
was  from  less  than  1%  to  10%  for  the  n values,  and  from  1%  to  30%  for  the 
k values.  For  k values  less  than  10* ^ the  relative  error  was  greater  than 
100%  in  most  instances.  The  relative  errors  varied  over  the  spectrum  in  the 
same  manner  as  those  computed  from  reflectance  data.  It  is  evident  that  the 
more  thicknesses  involved  in  the  fit  the  more  precise  are  the  converged  indices 
values. 

In  the  above  methods  of  finding  the  real  and  imaginary  parts  of  the  complex 
index  of  refraction,  the  real  index  n is  assumed  to  be  independent  of  the 
Imaginary  index  k.  Using  causality  arguments,  n and  k are  related 

through  the  Kramers-Kronig  (KK)  dispersion  relations  (Ref  1 and  9) » 


5 


(13) 


and 


(14) 


P Indicates  the  Cauchy  principal  value  of  the  integral,  and  n is  the  contri- 
bution to  n (v)  from  wavenumbers  in  the  visible  and  ultraviolet  regions.  In 
principle  it  is  possible  to  derive  the  n (v)  spectrum  from  the  k (v)  spectrum, 
and  vice-versa.  In  cryodeposit  stuuies  the  KK  relations  have  been  used  as  a 
check  of  the  converged  n (v)  or  k (v)  values  fitted  to  the  models  presented 
above  (Ref  1 and  2).  Ahrenkiel  (Ref  10  and  11)  has  modified  the  KK  relations 
to  form  the  subtractive  Kramers-Kronig  (SKK)  relations.  If  vQ  denotes  a 
wavenumber  at  which  the  real  index  is  known,  then  upon  subtraction  of  n (vc), 
given  in  equation  13,  from  the  corresponding  expression  for  n (v) , the  SKK 
equation  for  n (v)  is  found  to  be 


n(s>)  = n-CV)  + Y 


P ( (v -»») 

e> 


(15) 


The  principal  advantage  of  the  SKK  relations  is  less  sensitivity  to  contri- 
butions to  the  integral  from  outside  the  observed  wavenumber  range.  When 
applied  to  the  experimental  k-spectrum  for  80°K  NHg  cryodeposits,  equation  (15) 
obtained  n values  that  were  in  equal  or  better  agreement  with  the  observed 
values  of  n than  obtained  by  equation  (13)  (See  Fig  45a  of  Ref  2). 

To  compare  values  of  the  complex  refractive  indices  obtained  for  cryo- 
deposits having  identical  composition  but  differing  in  their  densities, 
Lorentz-Lorenz  adjustments  must  be  made  to  the  indices  (Ref  6 and  12). 

Relations  derived  from  Ref  12  were  used  to  adjust  the  real  and  imaginary 
indices  of  so  Lid  NH3  at  195°K  (Ref  11)  to  the  indices  values  expected  at 
20°K.  The  density  of  NH^  at  195°K  is  given  by  Manzheli  and  Tolkachev  (Ref  13) 
and  at  20°K  by  Roux  (Ref  14).  The  results  are  shown  in  Figures  2 and  3 and 
compared  to  the  n and  k spectra  of  NH3  cryodeposits  observed  at  20°K  (Ref  2). 
These  spectra  are  very  similar  in  shape  and  intensity,  but  the  1050  ca“* 
absorption  band  is  slightly  shifted  in  position.  This  may  be  due,  in  part, 
to  calibration  errors  or  changes  in  the  solid  phase  (Ref  2). 
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Fig.  2 The  refractive  index  of  solid  NH3  and  NH3/N2.  The  195K  data 
are  corrected  to  the  density  at  20K. 


A PRELIMINARY  TEST 


An  empirical  test  of  equations  (6),  (7),  and  (12),  for  binary  cryodeposits, 
can  be  made  using  the  IR  complex  refractive  index  derived  from  two-component 
cryodeposits  of  known  composition.  Unfortunately  nearly  all  existing  data 
(Ref  1 and  2)  is  for  single  component  cryodeposits.  To  fill  this  gap  preparations 
have  been  made  at  AEDC  to  obtain  data  on  binary  mixtures.  The  measurements 
will  begin  in  the  near  future  but  too  late  to  be  used  for  checking  out  the 
methods  proposed  in  thi3  report. 

Limited  reflectance  data  for  67  mole  % NH3/33  mole  % N2  cryodeposits 
at  20°K  are  available  (Ref  1),  and  approximate  n and  k values  were  obtained 
by  estimating  the  cryodeposlt  thickness.  This  was  done  by  noting  that  the 
densities  of  films  of  pure  NH3  and  of  pure  N2  were  nearly  identical  at  20°K, 
and  then  by  assuming  that  the  density  of  the  NH3/N2  cryodeposlt  was  that  of 
pure  NH3,  0.94  gm/cm^.  From  the  tabulated  value  of  the  mass  deposition  given 
for  each  thickness,  the  calibration  curve  for  NH3  relating  mass  deposition 
to  thickness  was  used  for  NH3/N2.  From  the  stated  mass  deposition  errors, 
the  errors  in  the  thickness  values  determined  from  the  calibration  curve  are 
+10%.  The  fitted  indices  are  plotted  in  Figures  2 and  3. 

The  IR  indices  derived  from  transmission  measurements  of  20°K  pure  NK-j 
cryodeposits  (Ref  2)  was  chosen  as  the  standard  spectra  for  NH3,  an  IR  active 
species.  The  standard  values  of  the  indices  of  the  IR  inactive  species  N2  are 
n (N2)  = 1.24  +0.04  and  k (N2)  = 0 in  the  IR  (Ref  1).  From  our  assumption 
that  the  densities  of  the  67  mole  % NH3/33  mole  % N2,  NH3  and  N2  cryodeposits 
are  identical,  it  follows  that  the  ratios  of  the  molar  concentrations  in 
equations  (6),  (7),  and  (12)  are  simply  the  mole  fractions  of  each  molecular 
species  in  the  NH3/N2  cryodeposlt.  Equations  (6)  and  (7)  become  in  the  present 
case , 


= 0.67  k(NH3)  (16) 


and 


=0.(7  T-(N»3)  -h  0.33  * (*%).  <!7) 

The  observed  n and  k values  of  the  NH3/N2  cryodeposlt  are  compared  to  the 
right  hand  sides  of  equations  (16)  and  (17),  at  selected  wavenumbers,  in 
Table  1.  The  summed  n values  are  consistently  greater  than  the  corresponding 
n values  of  the  mixture  by  about  15%.  The  summed  k values  are  consistently 
less  than  the  observed  mixture  values  by  a considerably  larger  fraction  in 
most  cases.  However,  the  agreement  among  n values  is  fairly  good,  especially 
if  the  errors  inherent  in  the  determination  of  the  NH3/N2  cryodeposlt  thick- 
nesses are  considered.  At  best  though,  this  test  of  equations  (6)  and  (7)  is 
inconclusive  and  further  empirical  comparisons  are  needed. 
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TABLE  1 


TEST  OF  EQUATIONS  16  AND  17 


v(cm-l) 

.67  k(NHO 

k (WWNO 

.67  n(NH^)  + .33 

n(N?)  n(NH^/N?) 

1000 

0.0054 

0.0071 

1.62 

1.22 

1050 

.0320 

. 1946 

1.58 

1.29 

1100 

.0342 

. 1383 

1.11 

1.01 

1150 

.0066 

.0175 

1.22 

1.04 

1200 

.0033 

.0041 

1.31 

1. 11 

1250 

.0031 

.0037 

1.35 

1. 15 

1300 

.0031 

.0040 

1.37 

1.19 

1350 

.0033 

.0057 

1.38 

1.22 

1400 

.0034 

.0080 

1.39 

1.24 

1450 

.0035 

.0095 

1.39 

1.22 

1500 

.0036 

■ .0119 

1.40 

1.23 

1550 

.0039 

.0145 

1.41 

1.23 

1600 

.0048 

.0208 

1.44 

1.23 

1650 

.0049 

.0321 

1.36 

1.18 

1700 

.0019 

.0058 

1.38 

1.24 

Equation  (12)  was  tested  by  measuring  the  areas  under  appropriate 
k curves  in  the  region  of  an  absorption  band.  The  areas  of  the  absorption 
at  1050  cm~^  were  measured  with  a planiraeter  from  the  k curves  of  NH3/H2 
and  20°K  in  Figure  3.  After  "background" , due  in  part  to  Debye  effects 
(Ref  15),  was  removed,  the  ratio  of  the  areas  was  found  to  be  0.65,  which  is 
very  close  to  the  desired  value  of  0.67.  Even  when  the  195°K  NH3  spectra, 
corrected  to  20°K,  is  chosen  as  the  standard,  the  resulting  ratio  is  0.71. 
These  favorable  results  indicate  that  Method  4,  based  on  equation  (12),  is 
a more  sensitive  method  of  determining  IR  species  concentrations  than  any 
procedure  based  on  equation  (6)  or  (7). 

This  positive  result  means  that  further  effort  to  quantify  constituents 
in  multicomponent  cryodepoSits  is  justified.  Whether  or  not  the  present  case 
is  a real  verification  of  equation  (12)  or  merely  fortuitous  can  only  be 
answered  by  more  data  on  binary  cryodeposlts. 

CONCLUSIONS  AND  RECOMMENDATIONS 


The  IR  active  species  in  a cryodeposlt,  composed  of  a mixture  of  two 
molecular  species  in  the  proportions  expected  in  rocket  exhausts,  can  be 
identified  by  the  characteristic  vibrational  bands  in  the  IR  k-spectrum  of 
the  cryodeposlt.  Raman  data  is  necessary  for  determining  the  identity  and 
concentration  df  IR  inactive  species  in  a binary  cryodeposlt.  Moreover, 
identification  of  IR  active  species  in  cryodeposlts  of  more  than  two  components 
is  also  straightf orward  because  of  the  wide  gaps  between  absorption  bands  for 
most  of  the  species  involved  in  plume  studies  (Ref  1 and  2). 

The  results  of  this  preliminary  study  indicate  that  the  most  reliable 
methods  of  establishing  the  concentrations  of  IR  active  species  in  a cryo- 
deposit  will  he  those  based  on  strengths  of  characteristic  absorption  bands  in 
the  IR  k-spectrum  of  the  deposit.  The  analysis  of  IR  spectra  for  multicomponent 


cryodeposits  should  be  analogous  to  the  analysis  for  binary  deposits.  If 
the  spectra  are  severely  overlapped,  determination  of  band  strengths  may  be 
facilitated  by  subtracting  the  contributions  to  k for  each  identified  species 
in  the  cryodeposit  spectrum  (Ref  4).  The  resulting  spectra  should  be  simpler 
to  interpret. 

The  values  of  the  absorption  index  extracted  from  IR  transmission  data  of 
cryodeposits  is  extremely  sensitive  to  the  real  refractive  index  of  the  substrate. 
In  one  instance  the  value  of  the  real  index  of  a germanium  substrate  was  changed 
by  less  than  2%  in  two  different  determinations  of  n and  k for  an  NH3  cryo- 
deposit at  1300  cm"l.  The  resulting  differences  in  computed  values  of  n was 
less  than  1%,  but  the  k values  differed  by  35%  (although  both  values  were  less 
than  10-2). 

From  the  results  and  conclusions  given  above,  the  following  recommendations 
are  proposed: 

1.  More  IR  and  Raman  data  should  be  obtained  for  two-component  cryodeposits 
of  known  composition  to  check  the  methods  outlined  here  for  determining 
IR  active  species  concentrations.  The  gas  mixture  composition  should 
be  established  by  an  independent  chemical  analysis. 

2.  Standard  IR  spectra  of  n and  k should  be  established  for  single 
component  cryodeposits.  Separate  standard  spectra  should  be  measured 
for  each  range  of  binary  cryodeposit  temperatures,  because  of  possible 
changes  in  solid  phases  and  densities  (Ref  1 and  2) . 

3.  The  optical  properties  of  the  germanium  substrate  should  be  determined 
very  accurately  throughout  the  IR  region. 

4.  A comparison  of  the  sensitivity  of  data  gathering  techniuqes  should 
be  made  t?o  establish  the  thinnest  and  thickest  films  which  can  be 
analyzed.  Such  methods  as  measurement  of  the  relative  reflectance, 
absolute  transmittance,  transmittance  relative  to  a bare  substrate, 
and  multiple  attenuated  total  reflection  should  be  examined. 

5.  Computer  software  should  be  generated  to  identify  lines  and  to 
determine  the  appropriate  band  strengths. 

6.  The  IR  and  Raman  analysis  should  be  extended  to  multicomponent 
cryodeposits  if  equation  (12),  or  a modification  of  it,  is  shown  to 
be  valid  for  binary  cryodeposits. 
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by 

G.  T.  Patterson 
ABSTRACT 


Preliminary  information,  analysis  and  ground  work  in 
support  of  a program  designed  to  determine  the  acoustic 
field  in  the  engine  test  cells  at  Arnold  Engineering  Develop- 
ment Center  are  presented.  The  direct  connect  mode  of  engine 
testing  is  considered.  An  examination  of  the  possible  noise 
sources  is  made.  The  noise  sources  found  to  be  most  significant 
are  combustion  noise,  jet  noise  and  jet/exhaust  diffuser 
interaction  noise. 

The  acoustic  environment  in  the  test  cells  is  very 
complex  due  to  the  irregular  geometry  and  close  proximity  of 
the  reflecting  and  scattering  surfaces  to  the  sound  sources. 

The  entire  enclosure  is  in  the  acoustic  near  field  of  the  sources. 

An  analysis  by  use  of  wave  equation  techniques  is  performed  for 
the  normal  modes  of  a simplified  model.  A method  for  calculating 
the  sound  pressure  level  is  presented  using  free  field  experimental 
data  and  a knowledge  of  experimentally  determined  acoustic  energy  decay 
rates. 

An  evaluation  of  analysis  techniques  for  acoustic  field-structural 
interactions  reveals  no  mechanism  which  would  allow  structural  vibratory 
amplification  to  the  point  of  creating  a source  of  sound  which  would 
significantly  affect  the  cell  acoustic  field. 

Several  areas  of  experimental  studies  are  proposed  to  include 
an  acoustic  survey,  determination  of  energy  decay  rates  (reverbera- 
tion times)  and  model  studies.  It  is  concluded  for  considerations 
of  complicating  factors  on  cell  acoustic  analysis  that  an  attempt  to 
estimate  engine  free  field  acoustic  signature  from  test  cell  data  would 
be  futile. 
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Area 

Outer  test  cell  radius 
Inner  test  cell  radius 
Constants  of  integration 
Speed  of  sound 
Nozzle  diameter 

Acoustic  energy  per  unit  volume 

Steady  state  value  of  E 

Frequency  (H  ) 
z 

Green's  function 

Acoustic  intehsity 

Bessel  functibn 

Wave  number 

Length  of  test  cell 

Designation  index 

Acoustic  pressure 

Root-mean-square  value  of  P 

General  sound  bource  function 

Radial  dependeht  portion  of  <j> 

Radius  coordinate 

Radius  of  microphone  array 

Area 

Strouhal  number 
Reverberation  time 
Time 

Average  velocity 

Velocity 

Volume 

Acoustic  power 
General  coordinate 
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Bessel  function 

Longitudinal  dependent  portion  of  <J> 
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Absorption  coefficient 
Wave  function 
Spatial  wave  function 
Angular  dependent  portion  of  $ 
Angular  coordinate 
Frequency  (rad/sec) 

Laplacian  operator 
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The  Engine  Teat  Facility  at  Arnold  Engineering  Development 
Center  has  encountered  acoustic  problems  associated  with  the  engine 
test  cells.  Of  primary  concern  is  the  impact  on  engine  tests,  in 
particular,  the  effect  of  the  acoustic  environment  on  engine  per- 
formance and  engine  structure.  A cause  for  concern  has  been  a few 
specific  cases  of  failure  of  test  cell  hardware  and  engine  structural 
elements  which  are  unexplained  through  analysis  of  known  vibration 
sources  or  aerodynamic  forces.  This  has  led  to  brief  and  cursory 
investigations  of  the  acoustic  field  in  the  test  cells  to  determine 
if  there  is  sufficient  energy  available  in  this  form  which  could  be 
transmitted  to  structural  components  and  by  exciting  or  reinforcing 
structural  vibration  modes  result  in  hardware  structural  failure. 

The  sound  pressure  levels  which  have  been  measured  are  on  the  order 
of  150  db  with  low  frequency  discrete  spectrum  peaks  giving  rise  to 
the  possibility  that  standing  waves  are  present. 
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Although  the  primary  concern  has  been  the  impact  on  structural 
integrity  of  high  acoustic  levels  there  is  also  the  possibility  that 
discrete  frequency  sound  waves  may  couple  with  engine  peculiar  pressure 
variations  at  the  nozzle  exit  plane  and  thus  cause  unacceptable  pressure 
variations  at  various  points  in  the  engine,  these  may  arise  from 
standing  waves  in  the  test  cell  or  the  test  cell  exhauster  ducting. 


OBJECTIVES 


In  response  to  these  concerns,  a program  has  been  initiated 
to  define  the  acoustic  environment  in  the  engine  test  cells  and  to 
assess  the  impact  of  such  an  environment  on  engine  performance  and 
engine  structural  integrity.  This  will  require  analysis  of  noise 
sources  contributing  to  acoustic  levels  in  the  cells,  transmission 
paths,  instrumentation  techniques,  experimental  and  analytical  tech- 
niques of  assessing  acoustic  field  levels  and  a review  of  technology 
applicable  to  structure  and  acoustic  field  interactions. 

This  report  documents  efforts  associated  with  four  specific 
tasks  aimed  at  providing  preliminary  information,  analysis  and  ground 
work  for  accomplishing  the  objective  of  the  above-mentioned  program. 
This  involves  1)  noise  source  identification  and  classification, 

2)  identification  and  evaluation  of  experimental  and  analytical  tech- 
niques for  determination  of  acoustic  field  characteristics,  3)  survey 
of  technology  applicable  to  structure-acoustic  field  interaction  and 
4)  recommendations  for  further  investigation.  Each  task  is  documented 
separately  in  this  report. 
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IDENTIFICATION  AND  CLASSIFICATION  OF  SOURCES 


The  acoustic  sources  which  contribute  the  test  cell  acoustic 
environment  can  be  separated  into  two  broad  categories.  These  are 
sources  interior  to  the  test  cell  and  those  exterior  to  the  test  cell. 
Figure  1 shows  a schematic  of  a typical  direct  connect  test  cell  and 
the  defined  regions  for  interior  and  exterior  noise  sources  in  addition 
to  typical  specific  noise  sources. 


The  extent  to  which  an  exterior  source  affects  the  cell  environ- 
ment depends  on  the  strength  of  the  source  and  its  transmission  path 
to  the  interior  of  the  cell.  There  are  a number  of  exterior  sources 
in  the  test  cell  area  which  are  of  significant  strength  such  as  flow 
noise,  valve  noise,  machinery  noise,  etc.  However,  the  only  transmission 
path  which  would  result  in  a non-negligible  attenuation  is  that  which 
propagates  into  the  cell  from  upstream  through  the  inlet  air  supply 
duct  and  from  downstream  through  the  exhaust  duct.  The  upstream  sources 
consist  of  noise  associated  with  compressors,  expansion  turbines, 
temperature  conditioning  equipment  and  various  flow  devices.  The 
transmission  path  from  any  particular  source  in  the  air  supply  plant 
is  difficult  to  define  due  to  the  various  ways  in  which  air  can  be 
routed  to  the  test  cell  supply  duct.  The  number  of  90°  bends,  valves 
and  flow  measuring  devices  for  any  particular  path  would  offer  suffi- 
cient acoustic  impedance  to  preclude  any  significant  transmission  of 
noise.  For  instance  a 90  bend  will  provide  approximately  four  to  six 
db  reduction  for  frequencies  above  approximately  200  HZ  (1) . Including 
the  effect  of  turning  vanes  will  increase  the  attenuation.  The 
compressor  plant  is,  therefore,  to  a large  extent  acoustically  isolated 
from  the  test  cell. 


Another  important  source  of  upstream  noise  is  the  shock  wave 
structure  downstream  of  the  flow  measurement  venturi  throat.  This 
source  arises  primarily  from  the  non-steady  character  of  the  shock 
position  and  attachment  on  the  venturi  surface.  This  type  of  noise  is 
difficult  to  classify  as  to  spectrum  and  level.  However,  the  venturi 
is  used  only  in  the  direct  connect  mode  in  tests  of  turbojet  and 
turbofan  engines.  In  the  direct  connect  mode  there  is  not  a direct 
transmission  path  to  the  test  cell.  The  wave  motion  in  the  inlet  duct 
is  approximately  parallel  to  the  duct  wall,  and  the  mating  flange  and 
labyrinth  seal  to  which  the  wave  is  normally  incident  is  of  thickness 
sufficient  to  provide  a large  attenuation.  The  only  other  path  is 
through  the  engine  which  also  has  large  attenuation.  Although  this 
noise  source  is  directly  incident  on  the  engine  face,  it  is  not  a 
significant  contributor  to  the  interior  test  cell  noise. 


The  sources  of  noise  from  the  downstream  exhauster  duct  are 
primarily  the  exhausters  themselves.  The  T-cells  transmission  path 
to  the  exhausters  consists  of  seven  tee  sections  and  two  90°  bends 
plus  two  cooler  sections  consisting  of  water  spray  and  heat  exchangers 
The  attenuation  for  frequencies  above  200  HZ  is  greater  than  36  db 
due  to  the  bends  and  tees  alone.  The  exhauster  noise  would  not  appear 
to  be  a major  source  of  noise  to  the  T-cells. 


The  transmission  path  to  J-l  and  J-2  cells  consists  of  a spray 
cooler,  one  "T"  and  two  90  turns.  There  is  little  attenuation  of 
exhauster  noise  along  this  path  with  the  exception  of  the  water  spray 
section.  The  attenuation  of  the  water  spray  needs  further  investigation 
to  determine  its  attenuation  characteristics.  The  J-cells  exhausters 
could  be  a significant  source  of  noise  to  J-l  and  J-2  test  cells. 


The  acoustic  sources  interior  to  the  test  cell  are  engine 
peculiar.  These  include  the  well-established  sources  of  aircraft 
jet  engine  noise,  namely,  turbomachinery  noise,  combustion  noise, 
jet  noise  and  engine  casing  radiation  as  shown  in  Fig.  2 for  a 
typical  turbofan  engine.  The  remaining  source  of  noise  is  associated 
with  the  jet  plume/diffuser  interaction.  First  consider  engine  casing 
radiation.  Since  most  of  the  ordered  pressure  waves  propagate  axially 
in  a typical  jet  engine,  the  angle  of  incidence  of  these  waves  with 
respect  to  their  containment  ducting  is  practically  zero.  According 
to  the  traditional  method  of  transmission  loss  calculation  (2) , this 
would  result  in  an  infinite  transmission  loss.  The  casing  vibrational 
excitation  is  then  a result  of  flow  surface  interactions,  internal  engine 
mechanical  sources  and  discrete,  local  turbomachinery  noise. 

The  casing  may  be  excited  in  a number  of  modes  if  it  is  idealized 
as  a cylindrical  section.  An  important  mode  occurs  at  the  ring  frequency 
which  has  a wavelength  corresponding  to  the  cylinder  cross-section 
circumference.  Below  this  frequency  a helical  wave  may  propagate  along 
the  cylinder.  Above  the  ring  frequency  the  cylinder  begins  to  react 
locally  like  a flat  plate  with  critical  frequency  of  vibration  correspond- 
ing where  the  speed  of  propagation  of  a bending  wave  in  the  cylinder  wall 
equals  the  speed  of  sound  in  the  fluid  media.  The  structure  of  a typical 
engine  tends  to  reduce  the  influence  of  these  modes  and  they  may  not 
be  an  allowed  mode  in  actuality.  Engine  casing  radiation  has  not  been 
considered  a significant  source  of  engine  noise  for  the  size  and  type 
of  engines  developed  to  date.  This  has  been  borne  out  by  limited 
experimental  investigation  (3).  It  should  be  pointed  out,  however,  that 
future  engines  with  larger  thrust-to-weight  ratios  may,  because  of 
reduced  structural  thickness,  have  significant  casing  radiation.  This 
radiation  could  also  become  larger  due  to  new  noise  sources  such  as  may  be 
produced  in  duct  burning  fan  engines. 


Turbomachinery  noise  consists  primarily  of  the  discrete 
tones  produced  by  the  fan,  compressor  and  turbine.  Although  this 
is  a major  source  of  engine  noise,  particularly  fan  and  compressor 
noise,  the  primary  transmission  path  for  these  sources  (out  the 
front  of  the  engine)  is  interrupted  when  the  engine  is  tested 
in  a direct  connect  mode.  Obviously,  if  the  engine  is  tested  in 
the  free  jet  mode  then  the  cell  will  be  exposed  to  the  full  level 
of  the  turbomachinery  noise.  However,  this  study  is  primarily  1 

aimed  at  the  direct  connect  mode  and  the  fan  and  compressor  noise 
will  be  considered  to  be  appropriately  attenuated. 

There  cam,  of  course,  be  propagation  of  fan  noise  down  the 
fan  duct  and  out  the  nozzle  exit.  The  turbine-generated  noise 
will  also  propagate  out  through  the  nozzle.  These  may  be  contributors 
to  the  cell  noise  level  although  the  degree  of  contribution  should  be 
small.  The  tones  are  scattered  by  the  turbulence  in  the  engine  flow 
passages  and  are  reduced  in  amplitude  and  broadened  over  a frequency 
band  in  a phenomena  known  as  ’’haystacking. " These  tones  are  high 
frequency,  generally  above  2000  Hz,  and  therefore  are  not  likely 
to  reinforce  any  cell  peculiar  characteristic  vibrations. 

The  primary  contributors  to  cell  noise  levels  will  be  the 
jet  noise  and  combustion  noise.  The  combustion  noise  will  as  a 
rule  be  a smaller  contributor  than  will  jet  noise.  It  has  only 
been  recently  that  combustion  noise  has  been  definitively  separated 
from  jet  noise  and  also  has  been  specifically  identified  in  the 
core  engine  noise  (4,5).  For  most  turbojet  or  turbofan  engines  the 
combustion  noise  peak  is  in  the  vicinity  of  500  Hz  and  is  spread  over 
a frequency  band  of  several  hundred  hertz  as  shown  in  Fig.  2.  For 
high  thrust  cdnditions  the  combustion  noise  peaks  several  db  below 
the  jet  noise  level.  For  low  thrust  settings  the  combustion  noise  may 
be  the  highest  level.  This  is  because  the  jet  noise  increases  according 
to  nozzle  exit  velocity  to  the  eighth  power  whereas  combustor  noise 
increases  according  to  a fourth  power  variation  (5) . The  effect  of 
afterburning  is  to  further  increase  combustion  noise.  In  this  case, 
jet  noise  is  also  increased  due  to  an  increase  in  velocity.  The 
combustion  noise  may  be  dominant  for  all  exit  velocities,  however, 
as  indicated  in  Ref.  6. 

For  most  conditions  of  high  noise  level,  jet  noise  will  be 
the  dominant  noise  source.  Jet  noise  arises  from  the  turbulent  shear 
layer  between  the  ambient  medium  and  the  jet  potential  core  and  the 
fully  developed  turbulent  region  downstream  of  the  core  tip.  Although 
there  is  some  disagreement  as  to  the  source  of  the  noise  (whether  due 
to  a fine  scale  random  turbulence  or  a large  scale  coherent  or  orderly 
turbulent  structure)  the  overall  characteristic  of  jet  noise  as  it 
depends  on  certain  jet  parameters  is  well  established.  The  acoustic 
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power  of  a circular  jet  varies  as  the  eighth  power  of  velocity, 
the  square  of  nozzle  exit  diameter  and  the  square  of  the  density. 
For  many  flows  a Strouhal-type  scaling  is  followed  according  to 
fD/U  = const  where  f is  frequency,  D is  nozzle  diameter  and  U is 
jet  velocity.  For  supersonic  flows  where  there  may  be  noise  pro- 
duction from  shock  bottles  the  variation  of  sound  power  level  with 
velocity  will  obey  a 12th  power  relationship  (7) . 


The  variation  of  acoustic  power  per  unit  distance  along  the 
jet  is  of  importance  to  test  cell  acoustic  field  contributions. 

For  a subsonic  jet,  from  theory  (8)  and  as  verified  experimentally  (9) 
the  acoustic  power  output  of  a subsonic  jet  is  constant  along  the  jet 
axis  to  a distance  of  five  nozzle  diameters  at  which  point  it  starts 
to  decrease  and  beyond  eight  nozzle  diameters  the  acoustic  power 
varies  inversely  with  the  distance  from  the  exit  raised  to  the  6th 
power. 


For  supersonic  nozzles  the  variation  of  acoustic  power  depends 
on  the  supersonic  length  (distance  from  the  nozzle  exit  to  the  point 
of  unity  Mach  number) . The  acoustic  power  output  increases  linearly 
with  distance  along  the  jet,  reaches  a maximum  at  the  supersonic 
length  and  subsequently  decreases  in  proportion  to  the  distance  from 
the  exit  to  the  minus  six  power. 


The  distribution  of  the  sources  according  to  frequency  content 
is  also  of  importance.  For  both  subsonic  and  supersonic  flows  the 
highest  frequency  sources  are  located  close  to  the  nozzle  exit.  Lower 
frequency  sources  are  located  farther  from  the  exit.  This  is  due  to 
the  frequency  of  sound  emitted  from  a turbulent  shear  layer  being 
proportional  to  the  turbulent  length  scale.  An  indication  of  the 
source  frequency  distribution  can  be  gained  by  examination  of  Fig.  3 
for  supersonic  flow  with  data  from  two  independent  sources  (9,  10). 


The  diffuser/exhaust  duct  interaction  with  the  jet  plume  has 
both  advantages  and  disadvantages.  It  has  the  advantage  of  altering 
the  jet  by  confining  its  boundary  to  the  duct  walls.  This  alters 
the  spread  of  the  turbulent  shear  layers  and  most  likely  breaks 
up  some  of  the  low  frequency  noise  generating  mechanisms . In  addition 
the  diffuser  duct  acts  to  shield  the  test  cell  from  the  jet  noise 
sources  within  the  duct.  The  magnitude  of  this  shielding  effect  is 
difficult  due  to  uncertainty  associated  with  the  sources  in  the 
duct  and  the  amount  of  propagation  upstream  and  into  the  test  cell. 

The  shielding  effect  should  be  a significant  factor  in  reducing 
the  contribution  of  noise  from  the  jet  plume  shear  layers. 


The  disadvantageous  effect  of  the  diffuser  duct  is  that  it 
may  interact  with  the  jet  to  produce  additional  noise  sources  which 
may  be  strong  sources  of  noise  other  than  the  source  mechanisms 
associated  with  the  noise  from  turbulent  shear  layers.  The  impingement 
of  the  jet  on  .the  duct  wall  produces  a flow-solid  surface  interaction. 


This  gives  rise  to  dipole  radiation  from  the  surface  due  to  surface 
pressure  fluctuations.  This  source  is  a more  efficient  producer 
of  sound  than  the  quadrapole  source  of  the  turbulent  layer.  If 
the  engine  nozzle/diffuser  configuration  is  such  that  the  diffuser 
inlet  lip  is  close  to  the  edge  of  the  shear  layer  (not  actually  in 
the  shear  layer)  there  may  be  produced  a noise  source  known  as 
jet-orifice  interaction  noise.  This  has  been  shown  for  model  test 
to  produce  noise  below  500  HZ  (9) . Other  experimental  results  and 
several  plausible  explanations  for  the  phenomena  are  discussed  in 
Reference  11. 

The  jet/diffuser  interaction  may  also  excite  resonance  modes 
in  the  diffuser.  This  could  couple  with  pressure  variations  at  the 
nozzle  exit  to  produce  a significant  pressure  variation  at  the  engine 
exit  plane  adversely  affecting  engine  performance  and  also  presenting 
a rather  strong  acoustic  input  to  susceptible  engine  mechanical 
vibration  modes. 


ANALYTICAL  AND  EXPERIMENTAL  TECHNIQUES 

An  examination  of  the  physical  environment  of  a typical  engine 
test  cell  will  reveal  a more  complex  influence  on  the  acoustics  than 
might  be  gained  from  the  simple  representation  shown  in  Fig.  1.  In 
addition  to  inlet  ducting,  engine,  engine  support,  thrust  stand  and 
exhaust  ducting  the  cell  environment  includes  cable  trays,  blowout 
ports,  viewing  ports,  instrumentation  ports,  catwalks,  radiation 
shields,  lights  and  various  other  test  peculiar  hardware  and  supporting 
structure.  The  first  impression  from  an  acoustic  standpoint  is  that 
the  cell  will  in  no  way  lend  itself  to  analytical  methods  of  analysis. 
There  are  a number  of  reasons  for  this  and  these  will  be  discussed  as 
follows. 

The  cells  could  be  classified  as  "acoustically  dirty."  The 
irregularity  of  scattering  surfaces  plus  the  various  obstructions  and 
scattering  objects  seriously  complicates  a solution  to  the  point  of 
defying  solution  by  traditional  acoustic  ray  techniques  or  analysis  by 
means  of  the  acoustic  wave  equation.  However,  an  analysis  of  acoustic 
standing  waves  can  be  performed  by  use  of  a simplified  model.  The 
many  reflecting  surfaces  offer  an  advantage  in  that  they  should  provide 
a rather  diffuse  field  in  the  test  cell  which  has  the  advantage  of 
lending  itself  to  the  use  of  reverberant  field  techniques  for  analysis 
of  acoustic  levels. 
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The  close  proximity  of  reflecting  surfaces  to  the  engine 
noise  source  coupled  with  the  characteristically  low  frequency  of 
these  sources  results  in  the  entire  cell  being  in  the  acoustic 
near  field.  In  the  acoustic  near  field  the  acoustic  particle 
velocity  is  out  of  phase  with  the  pressure.  This  results  in  real 
and  imaginary  components  of  the  wave.  Most  analyses  are  associated 
with  the  far  field  where  the  wave  is  composed  of  the  real  or  radiant 
component  only.  The  analysis  of  a radiant  and  reactive  field  is 
complex  and  would  be  particularly  so  considering  the  numerous 
scattering  objects  and  surfaces  of  the  test  cell. 


Not  associated  with  the  cell  itself,  but  definitely  a source 
of  difficulty,  would  be  an  accurate  knowledge  of  the  acoustic  sources 
in  the  cells.  Although  the  magnitude  of  the  contribution  and  general 
description  of  the  characteristics  of  the  noise  sources  from  engines 
can  be  given,  the  detail  as  to  location,  level,  spectrum  and  radiation 
characteristics  cannot  be  provided  with  the  necessary  definition  re- 
quired. (Indeed  if  this  were  possible  it  would  solve  only  a small 
portion  of  the  analysis  problems.) 


Wave  Equation  Analysis 


This  approach  is  based  upon  wave  acoustics.  This  analysis 
has  been  used  to  analyze  the  three  dimensional  wave  motion  in  a 
bounded  space.  It  has  been  applied  to  problems  of  architectural 
acoustics  in  simple  enclosures  of  rectangular,  cylindrical  or  spherical 
characteristic  shape.  The  approach  has  been  to  treat  the  enclosure  as 
containing  a number  of  resonance  modes  of  vibration  or  normal  modes. 

Wave  analysis r techniques  are  used  to  determine  the  normal  modes 
and  thus  how  the  energy  of  free  vibration  is  distributed  in  these  normal 
modes  or  standing  waves  of  the  enclosure.  The  wave  equation  has  also 
found  other  applications  such  as  jet  noise  analysis. 


The  three  dimensional  wave  equation  may  be  written  in  terms 
of  velocity  potential  as 


where 


i 


I 


I 


The  left  hand  side  of  Eq.  (1)  governs  the  propagation  characteristics 
of  the  source  term  on  the  right  hand  side  of  Eq.  (1) . If  the  source 
distribution  and  properties  (i.e. , monopole,  dipole,  quadrapole,  etc  . 
are  known, solutions  may  be  obtained  for  the  radiant  sound  field. 

One  method  commonly  used  for  solution  of  Eq.  (1)  involves  the 
use  of  Green's  function  techniques.  Green's  function  is  the  solution 
of  Eq.  (1)  for  Q equal  to  a unit  impulse.  If  a solution  can  be  obtained 
at  each  xQ,  then  the  general  solution  is 


i 


i 
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(2) 


where  gw  is  the  Green's  function.  Solutions  of  this  type  have  been 
obtained  for  various  simplified  geometries  and  source  terms.  A 
solution  by  wave  equation  analysis  is  not  plausible  for  the  test  cell 
enclosure  due  to  the  complications  of  geometry  and  uncertainty  of  source 
location  and  properties. 

Although  a general  solution  is  not  plausible  a solution  for  the 
standing  wave  frequencies  in  the  enclosure  is  possible.  The  procedure 
for  obtaining  this  solution  is  described  in  various  mathematics  texts 
on  solution  of  partial  differential  equations.  The  solution  for  the 
test  cell  type  model  is  not  generally  available  and  thus  will  be  out- 
lined here.  , 

The  model  to  be  used  will  consider  the  test  cell  to  be  approxi- 
mated by  the  annular  space  between  two  concentric  cylinders  of  a given 
length  L and  closed  at  both  ends  by  reflecting  walls.  The  model  is 
shown  below  along  with  the  appropriate  coordinate  system. 
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The  solution  is  obtained  by  casting  Eq.  1 in  cylindrical 
coordinates  and  setting  the  source  term  to  zero.  Assuming  that  the 
temporal  portion  of  the  velocity  potential  is  harmonic,  then 


$ = 4>  e‘ 


wnare  $ is  the  spatial  portion  of  <J>.  Substituting  Eq.  (3)  into  Eq.  ('. ) 
and  performing  the  differentiation  yields 


v24>  -f  k2§  - o 


vhere  k = w/c.  Performing  the  Laplacian  operation,  Eq.  (4)  is  expanded 
to 


+ + ^4>=:0 


Assume  that  <J>  can  be  expressed  as  a product  of  three  independent 
solutions,  namely,  R a function  of  r only,  0 a function  of  0 only  and  Z 
a function  of  z only.  Substituting  such  an  expression  for  into 
Eq.  5 gives 

+j_- i 

R +»f  jf  r!0  Se1  +Z  Jj‘ 


The  solution  for  0 and  Z may  be  obtained  from 
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since  R,  0 and  Z are  assumed  to  be  independent.  Then  the  solution 
for  R is  obtained  from 


R 0y* 


r7  5F  -1-  C*-**  TV  -o 


let  kr  be  defined  as  a radial  wave  number  given  by 


c ^ 


Equation  (9)  is  then  identified  as  a form  of  Bessel's  equation. 


For  the  model  being  considered,  the  0 solution  will  be  neglected 
since  the  source  distribution  will  be  considered  uniform  in  the  0 
direction  at  t = b and  there  will  be  no  forcing  function  to  support  a 
$ dependence  on  9 . The  solution  of  Eq.  (8)  is 


*2,  = C,  cos  4-  Cz  Sin 


ua  = = -R  = R ka  -Cz  cos  K*) 
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The  particle  velocity  must  be  zero  at  both  end  walls.  Boundary 
conditions  are  then 


u,~ o a"V  t ~o  and  z = L 


To  satisfy  these  conditions  C2  must  be  zero  and 


k*  L - n ir 


<o2  - -q- 


where  (i)2  is  the  frequency  of  standing  waves  along  the  z or  longitudinal 
axis. 

The  solution  for  the  lateral  or  r directed  standing  wave  is 
obtained  by  solution  of  Eq.  (11).  The  general  solution  of  Bessel's 
equation  applicable  here  is 


R - c3  4*  C4  Y0^  ( \T* ) 


Now  the  solution  for  particle  velocity  is 


a.  = --E,  H jc.,^  T.  M + c^Y.(k,0j 

= Z,[c3T,(v.r)  + C«Y,(krf)] 


(16)  n 
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hi  boundary  conditions  are 


u,  - © J r - O.  ( r - 


Equation  (17)  at  the  boundaries  becomes 


C3T,(k,^  + CtV,(K^=o  (10) 


C,T,(l<,<5)  + C4V,  (kToi )=o 


Combining  Eqs.  (18)  and  (19)  gives 


t,M  Y,  (w,a)  - Y,  = o 


The  radial  wave  numbers  are  obtained  by  determining  the  value  of 
kr  which  will  satisfy  Eq.  (20)  for  specified  values  of  a and  b.  To  obtain 
a compact  solution,  consider  solutions  to  Eq.  (20)  for  various  values  of 
b/a.  A computer  program  was  written  employing  canned  routines  for  the 
Bessel  functions  and  Eq.  (20)  was  solved  by  use  of  the  IBM  370  computer 
for  the  first  three  wave  numbers  kr  for  various  values  of  b/a.  The  results 
aie  presented  below. 


b/a 

mode 

Wave  number 

1 

6.3 

1/2 

2 

12.6 

3 

18.8 

1 

4.9 

1/3 

2 

9.5 

3 

14.2 

1 

4.4 

1/4  ’ 

2 

8.5 

3 

12.6 

1 

4.2 

Where  f is  che  frequency  in  hertz.  Equation  (21)  thus  expresses  the 
characteristic  frequencies  of  the  test  cell  model  corresponding  to  the 
allowed  normal  modes  of  the  vibration. 

In  the  actual  cell  environment  there  will  more  than  likely  be 
a variation  of  the  functional  dependence  shown  here  for  the  lateral  waves 
’’owaver,  the  values  obtained  for  the  standing  waves  in  the  longitudinal 
direction,  Eq.  (15),  should  yield  accurate  values  applicable  to  the  test 
call  environment. 


Reverberation  Times  and  Known  Sources 

Although  a solution  of  the  wave  equation  for  the  specific  character- 
istics of  the  test  cell  acoustic  field  at  each  position  in  the  cell  is  not 
practical,  a technique  combining  experimental  data  on  acoustic  energy  deca'- 
in  terms  of  reverberation  times  in  various  frequency  bands  coupled  with  an 
energy  balance  and  a model  of  the  cell  reflection  characteristics  may  pro\" 
useful  in  determining  the  cell  sound  power  level.  The  reverberation  time 
is  the  time  required  for  the  sound  pressure  level  in  the  enclosure  to  decay 
to  a level  60  db  below  the  initial  steady  state  level.  Reverberation  time 
is  an  acoustical  property  of  enclosures  and  is  the  traditional  criterion 
for  the  design  of  rooms  and  auditoriums  based  on  audience  judgements  of 
the  acoustic  quality  of  existing  rooms  and  auditoriums.  What  is  desired 
In  this  analysis  is  the  rate  of  decay  of  acoustic  energy  in  various 
frequency  bands.  Reverberation  time  will  be  used  to  express  this  rate 
since  much  of*  the  acoustic  theory  of  enclosures  is  expressed  in  terms  of 
this  parameter. 
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Consider  a model  for  the  reverberation  characteristics  of 
an  enclosure  proposed  by  Eyring  (12).  The  buildup  cr  decay  of  sound 
in  an  enclosure  is  considered  to  be  a step  wise  process  as  reflected 
waves  from  the  source  begin  to  reach  the  observation  point  during 
energy  buildup  or  cease  to  reach  the  observation  point  during  energy 
decay.  If  an  emitter  begins  to  emit  sound  of  power  level  W at  time 
equal  zero  the  direct  radiation  from  the  source  will  be  observed  at 
che  observation  point  followed  by  a reflected  waje  of  pow^r 

W(l-a)^and  subsequently  by  waves^f  power  W(l-a)  , W(l-a)  

W(l-a)  where  n identifies  the  n reflection  and  a is  the  average 
surface  acoustic  absorption  coefficient.  Thus  the  energy  buildup 
:'n  the  enclosure  can  be  modeled  as  a buildup  of  source  (direct  waves) 
and  source  images  (reflected  waves) . 

Consider  the  increase  in  energy  density  at  a time  t over  an 
interval  At.  The  time  interval  At  cannot  be  an  arbitrary  value. 

It  must  be  the  time  interval  between  arrival  of  reflected  waves. 

The  energy  incident  on  all  surfaces  of  an  enclosure  with  total  area 
S in  an  interval  of  time  At  is  given  by  (13) 


Ec 


SAt 


where  E is  the  acoustic  energy  density.  The  total  energy  in  the 
enclosure  is  EV.  The  time  required  for  the  total  energy  to  undergo 
one  reflection  is  obtained  from 


EV 


U- 


*nd  solving  At  gives 


At  = 


4-V 

<Sc 


(2? 
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Considering  the  reflection  past  the  observation  point  in 
: he  time  interval  At  the  change  in  the  energy  is 


VAE  = W(‘ 


.1  .waver,  over  the  interval  from  time  zero  to  time  t,  there  are 

.of lections  and 


= — = ^ 

4 V 


ly  use  of  Cg.  (23) . The  total  energy  may  now  be  expressed  as 


E = IW0-«)At 


and  if  this  sum  is  approximated  as  an  integral,  then 


VE  = /w(l-*)Wtdt 


Performing  the  integration  gives 


Sc 


12- 


a* 


ks  L approaches  a leurge  value,  the  energy  density  approaches  an 
squilibrium  value  given  by 


4W  — 
Sc  lo  0“ 


The  decay  of  sound  in  an  enclosure  when  the  source  ceases 
tc  radiate  behaves  in  the  reverse  manner  to  the  mechanism  which 
describes  the  buildup.  We  can  deduce  then  from  Eq.  (25)  that 
the  energy  at  any  time  after  the  source  ceases  to  radiate  (time 
zero)  is 


E •=  Eco  -1  w (I-*)1 At 

Again  if  the  sum  is  approximated  by  an  integral,  and  the  integration 
is  performed,  the  expression  for  the  energy  decay  becomes 


E = Eo, 


Reverberation  time  is  defined  as  the  time  required  for  the 
energy  level  to  fall  to  a value  10  times  less  than  E^.  Thus,  the 
reverberation  time  T may  be  obtained  from  the  following  ratio 


Solving  for  gives 


4V  In  \0°  _ _ SS.2fe  V 

Tr  ~ "*  Sr  " Sc  i^6~°0 


teady-state  energy  level  of  an  enclosure  in  the  presence  o£ 
a source  of  power  W is  expressed  in  terms  of  Tr  as 


_ O.01Z38  WTr 


Relating  the  acoustic  energy  density  to  a measurable  parameter  present 
somewhat  of  a problem.  The  acoustic  pressure  and  velocity  in  the  cel 1 
nas  both  reactive  and  radiant  components  due  to  the  close  proximity  of 
iny  point  in  the  cell  to  the  sound  sources.  The  energy  density  will 
oe  a simple  function  of  the  acoustic  pressure  as  for  plane  radiant  wj?  . 
However,  a technique  which  has  been  used  effectively  (14)  is  to  assume 
t hat  the  local  field  is  a superposition  of  plane  waves.  The  relation' 
oetween  energy  density  and  root-mean-square  pressure  is  then 


= 


he  local  rms  pressure  is  then  related  to  test  cell  source  power,  rever- 
beration time  and  medium  properties  by 


= .249c 
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The  power  level  for  most  sources  will  vary  considerably  as  a 
function  of  frequency.  Therefore,  the  power  level  should  be  specified 
as  a function  of  frequency  or  frequency  band  rms  level.  If  the  reverb- : 
ation  time  a3  a function  of  frequency  is  known,  then  the  pressure  as  a 
function  of  frequency  may  be  determined.  The  determination  of  rever- 
beration times  will  be  described  under  the  experimental  section  later 
in  this  report.  The  specification  of  the  source  power  level  will  have 
to  be  made  from  measurements  of  the  acoustic  field  of  a typical  engine 
close  to  the  engine  sources.  A suggested  set  of  measuring  stations  is 
shown  in  Fig.  4.  If  possible,  the  partition  should  be  placed  as  shown 
- simulate  the  barrier  effect  of  the  inlet  duct  and  labyrinth  seal  in 
v! elding  compressor  and  fan  noise  from  the  measurement  location  as 
would  be  the  case  in  the  test  cell. 
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Onca  the  sound  pressure  levels  have  been  obtained,  the  power 
levels  may  be  determined.  The  method  will  be  to  relate  the  acoustic 
pressure  to  the  intensity  and  integrate  the  intensity  over  a proper 
area  to  determine  the  power  level.  For  either  plane  waves  or 
spherical  waves,  the  acoustic  intensity  is  related  to  the  pres stir e 
by 

•r  = \*t 


where  the  Tn  and  pn  refer  to  values  for  the  nfc  frequency  band.  Now 
consider  that  the  sound  pressure  level  measured  at  a microphone, 
say  microphone  No.  1,  is  the  sound  pressure  level  which  exists  over 
the  surface  of  a cylinder  of  radius  r^  and  height  xs  whose  axis  co- 
incides with  the  engine  axis  and  is  centered  axially  on  microphone 
No.  1.  The  power  radiated  through  this  cylindrical  segment  is  then 

VJn,  = 

- If  ^ X-s 

where  Wn-^  is  the  power  radiated  in  the  nth  frequency  band  through  the 
cylindrical  surface  corresponding  to  microphone  No.  1.  If  the  power 
for  each  cylindrical  surface  is  then  summed  an  expression  for  the 
total  power  will  be  obtained  as 


w.  - 


Equation  (34)  would  appear  to  neglect  radiation  from  the  jet 
exhaust  and  to  perhaps  underestimate  the  sound  power  from  forward  engiu 
sources.  The  jet  exhaust  enters  the  exhaust  ducting  at  the  nozzle  exit 
and  as  mentioned  previously,  the  duct  shields  some  of  the  jet  noise. 

The  microphone  position  and  the  integration  surface  of  the  cylinder  being 
centered  on  the  exhaust  plane  should  account  for  some  of  the  underestimn 
of  the  jet  noise.  Modifications  to  the  power  level  in  various  bands  may 
be  necessary  based  on  experimental  data.  Once  the  power  level  has  been 
determined,  the  rms  pressure  in  the  cell  for  the  engine  operating  may 
be  estimated  by  use  of  Equation  35. 
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Acouj^Ic  Survey 

One  of  the  first  steps  to  be  taken  in  characterizing  the  cell 
acoustic  field  experimentally  is  to  perform  a sound  pressure  level 
survey  in  the  cell  under  specified  engine  operating  conditions  which 
are  suspected  to  produce  the  most  severe  acoustic  environment. 
Condenser  microphones  and  appropriate  electronics  are  used  quite 
widely  in  aeroacoustic  noise  measurements.  A 1/2  inch  or  1/4  inch 
microphone  should  prove  satisfactory  for  use  in  test  cell  measureme 
as  they  have  good  response  and  are  omnidirectional  to  approximate!/ 
5000  and  10,000  Hz,  respectively. 

The  cell  environment  could  pose  a problem  to  proper  operation 
of  the  microphone.  The  cell  temperature  is  not  allowed  under  normal 
operating  conditions  to  exceed  200°F.  This  should  not  affect  micro- 
phone operating  parameters  or  structural  properties.  However,  care 
should  be  taken  to  assure  that  other  components  such  as  preamplifier , 
cable,  etc.  can  withstand  the  thermal  environment  particularly  the 
radiation  component. 

The  microphone  will  be  placed  in  the  secondary  flow  field  of 
the  test  cell.  Air  flow  over  the  microphone  can  result  in  flow 
noise  which  is  picked  up  by  the  microphone  and  is  a troublesome 
source  of  extraneous  noise.  This  noise  can  be  eliminated  by  use  of 
a wind  screen,  which  is  available  commercially. 

Perhaps  the  most  severe  environment  which  adversely  affects 
microphone  measurement  is  the  vibration  environment.  In  order  to 
obtain  good  acoustic  response,  the  microphone  diaphragm  mass  should 
Da  low.  Due  £o  this  low  mass,  the  microphone  is  also  subject  to 
excitation  due  to  mechanical  vibration  transmitted  through  its 
support.  A lg  rms  acceleration  will  result  in  an  equivalent  sound 
pressure  for  a typical.  1/4  inch  microphone  of  between  85  and  90  db. 
Steps  should  be  taken  to  assure  vibration  isolation  for  the  microphon.. 


The  purpose  of  the  acoustic  survey  is  to  determine  the  level 
of  sound  in  the  cell  and  its  characteristics  with  respect  to  position 
in  the  cell.  Characteristics  to  be  noted  are  sound  pressure  level 
and  frequency  and  how  these  vary  as  a function  of  cell  position. 

This  should  produce  useful  information  to  support  analytical 
estimates  and  should  provide  a continuing  data  base  upon  which 
empirical  estimates  can  be  made.  It  is  suggested  that  the  survey 
oe  performed  as  shown  in  Fig.  5,  employing  either  stationary  micro- 
phone or  traversing  microphone  measurements. 
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: aeration  Characteristics  Measurement 

Reverberation  time  as  mentioned  previously  is  a parameter  of 
an  enclosure  which  indicates  the  rate  of  change  of  the  acoustic 
energy  in  the  enclosure  due  to  wall  absorption  and  acoustic  wave 
interference.  More  specifically  it  is  the  time  required  for  he 
acoustic  energy  level  to  drop  to  60  db  less  than  the  steady-sta 
le^al  when  the  sound  source  suddently  ceases  to  radiate.  The  concev 
was  first  formulated  using  the  assumptions  of  a diffuse  field  and 
geometric  acoustics.  Useful  information  can  be  obtained  when  these 
»>  "smptions  are  violated  if  the  reverberation  characteristics  are 
determined  as  a function  of  frequency  or  frequency  band.  The 
information  thus  gained  is  useful  for  estimations  of  steady-state 
acoustic  levels  and  also  for  the  determination  of  the  frequencies 
for  which  additional  absorption  must  be  provided  to  increase  the 
acoustic  decay  rate. 

Reverberation  time  measurements  are  performed  by  use  of  a " 
source  which  is  capable  of  driving  the  enclosure  to  a steady-stat° 
level  of  10  to  40  db  above  the  background  for  all  frequencies  of 
interest.  For  the  test  cell  this  frequency  range  is  between  50 
and  10,000  Hz.  This  is  accomplished  in  a number  of  ways  depending 
on  the  desired  frequency  excitation,  i.e.,  loudspeakers,  pistol 
discharge.  For  the  determineation  of  test  cell  acoustics,  it  is 
suggested  that  a loudspeaker  having  good  response  over  the  50  to 
10,000  Hz  range  (two  speakers  may  be  required)  be  driven  by  a randon 
signal  such  that  a white  noise  is  produced  in  the  cell.  Microphones 
installed  in  the  cell  at  various  locations  will  monitor  the  acousti< 
levels.  When  the  signal  to  the  loudspeaker  is  shut  off  the  acoustic 
decay  as  measured  by  the  microphones  is  recorded.  This  recorded 
signal  can  then  be  filtered  to  observe  the  decay  in  various  frequer • 
bands  and  to  determine  reverberation  times  for  these  bands.  In  de 
termining  reverberation  times,  it  will  be  necessary  to  establish  a 
linear  decay  rate  which  best  describes  the  actual  decay  rate  and 
extrapolate  this  to  the  -60  db  level. 

The  problem  naturally  arises  as  to  where  in  the  cell  to  locate 
the  loudspeakers  and  microphones.  The  loudspeaker  is  a localized 
source  of  3ound  whereas  the  noise  sources  from  an  engine  are  distrifcu 
along  the  engine  casing  and  along  the  jet. plume.  The  solution  would 
then  appear  to  be  a distribution  of  speakers.  However,  this  would 
complicate  the  speaker  installation  and  possibly  in  itself  affect  the 
reverberation  characteristics.  It  is  suggested  that  a single  sp^aVp’- 
he  used  at  various  locations  in  the  cell.  A suggested  method  is  shown 
in  Fig.  4.  The  engine  is  replaced  by  sections  of  straight  duct  of  the 
same  diameter  as  the  mean  engine  casing  diameter.  A section  of  due* 
is  removed  and  a speaker  section  is  inserted  as  shown.  The  opening 
of  the  duct  opposite  the  speaker  is  sealed  off  and  the  bulkhead  lined 
with  acoustic  material  to  prevent  radiation  from  the  duct  walls.  TK. 
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sound  will  radiate  into  the  cell  through  the  circumferential  slot  an 
thus  approximate  a circumferential  distribution  of  sound  sources . 
This  speaker  set  up  can  be  used  at  step  wise  cross-sections  of  the 
duct,  reverberation  times  may  be  averaged  over  the  various  Ire*4-:  . 
or  source  localized  reverberation  times  may  be  determined  for  use 
iiq.  (35). 


The  position  of  the  microphones  should  be  in  the  vicinity  ec 
the  engine  location  as  this  is  the  critical  point  in  the  field.  The 
actual  position  will  depend  on  the  results  of  the  acoustic  survey. 


,'odel  Studies 

Model  studies  can  be  used  to  good  advantage  to  determine  the 
effect  of  jet  plume/exhaust  diffuser  interaction.  It  has  been  net  . 
that  under  certain  test  conditions  the  jet  can  excite  resonance  r >rV* 
of  the  exhau3t  duct.  It  can  also  produce  interaction  noise  with 
.nserts  and  various  diffuser  inlet  configurations  designed  to  prevt 
recirculation  of  exhaust  gases  into  the  cell.  In  addition,  there  ir 
-he  problem  as  mentioned  earlier  of  determining  the  shielding  effect 
of  the  a:' f fuser  on  the  noise  produced  by  jet-induced  turbulence  insi 
the  diffuser.  Experimental  studies  of  model  configurations  can  be 
used  to  gain  insight  into  the  parameters  which  control  these  inter- 
actions. 

The  ability  to  scale  the  results  of  experimental  studies  is 
necessary  if  the  experimental  results  are  to  have  more  than  qualitat*  . - 
significance.  The  scaling  of  the  data  is  straight  forward  if  dynarr 
similarity  can  be  achieved.  The  procedure  requires  only  that  scale 
model  data  at  the  point  of  interest  be  analyzed  in  constant-percent. - 
frequency  bands  (15).  The  sound-pressure-level  estimate  for  the  fui 
scale  configuration  will  be  the  same  as  for  the  model,  with  the 
frequency  for  the  full  scale  given  by  dividing  the  frequency  of  the 
model  test  by  the  scale  factor. 


In  most  tests  it  is  difficult  to  match  both  Mach  number  and 
Reynolds  number  to  obtain  absolute  similarity.  It  has  been  found 
chat  for  circular  subsonic  and  ideally  expanded  supersonic  jets  the 
frequency  spectra  obeys  a Strouhal  type  scaling  mentioned  previously 
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lie  ~c-li.ig  of  power  levels  of  jet  noise  was  first  deduced  from  the 
ork  by  Lighthill®  and  can  be  written  as 


This  relation  has  been  shown  to  be  good  for  subsonic  flows  an 
?or  shock  free  supersonic  flows.  The  area  of  supersonic  jet  noise 
sroducing  mechanisms  is  an  active  topic  of  discussion  in  the  literate 
md  no  conclusive  scaling  law  can  be  given  for  non-ideally  expanded  so. 
lets. 


The  noise  produced  by  jet/diffuser  interaction  is  not  all  due  to 
noise  from  free  jet  turbulence.  Some  noise  will  be  produced  due  to  tl.ji 
md  solid  surface  interaction.  In  this  case  a dipole  type  source  ter 
irises  and  the  power  can  be  expected  to  scale  according  to  a U®  type 
■elationship. 


STRUCTURE-ACOUSTIC  FIELD  INTERACTION 


A considerable  amount  of  time  associated  with  this  project 
jas  devoted  to  a literature  search  to  assess  the  state-of-the-art 
concerning  the  interaction  of  acoustic  fields  with  structural  panels 
md  shells.  The  ultimate  objective  was  to  determine  if  acoustic 
mergy  input  to  a panel  at  a frequency  different  from  the  vibrational 
-esonance  frequency  of  the  panel  could  reinforce  the  resonance  vibrat. 
>y  feeding  energy  into  this  mode.  If  this  were  possible  for  a numb-: 
frequencies  then  a very  high  amplitude  resonance  mode  could  be  excite 
in  the  structure.  The  result  of  the  survey  is  that  no  support  can  be 
“'ound  for  the  existence  of  a mechanism  which  could  accomplish  this  in 
r/pical  aircraft  engine  structural  components. 


The  possible  existence  of  the  reinforcing  mechanism  would,  of 
lecessity,  require  the  existence  of  a number  of  frequency  components 
of  a sound  field  close  to  the  resonance  frequency.  It  would  then  be 
appropriate  to  assume  a Gaussian  distribution  of  the  sound  field  at 
’east  in  the  vicinity  of  the  resonance  frequency.  Analysis  of  random 
'.oise  interaction  with  structure  is  a fairly  well  developed  discipline 
iue  to  its  importance  in  the  analysis  of  acoustic  fatigue  of  aircraft 
u.ucture.  The  analysis  follows  a statistical  approach  (16)  of  con- 
sidering the  response  of  a large  number  of  normal  modes  and  casting  the  r 
’n  terms  of  the  response  spectral  density.  This  is  then  related  by  mean; 
ransfer  functions  for  vibration  of  each  mode  to  the  pressure  spectral  - . 
)f  the  sound  field. 


IJach  normal  mode  of  a structure  is  modeled  as  a simple 
resonator.  Now  a simple  resonator  has  very  small  admittance  ; 
all  excitation  frequencies  except  these  in  the  vicinity  of  t: 
frequency.  The  badwidth  associated  with  large  admittance  is  ta; 
small  typically  a few  hertz.  The  wide  spread  use  of  this  noi  . 
its  verification  by  experimental  results  has  proven  its  inter: " 

Therefore,  if  the  resonance  condition  can  only  be  excit' 
by  sound  frequencies  very  close  to  its  natural  frequency,  the 
question  arises  as  to  the  possibility  of  coupling  various  modes  to- 
gether either  through  the  structure  or  the  acoustic  medium  to  *e 
a particular  resonance  mode.  If  the  acoustic  medium  is  air,  th*v> 
coupling  is  ruled  out  due  to  the  low  density  of  air.  Coupling 
through  the  structure  is  a definite  possibility.  This  involves 
the  response  of  the  mode  due  to  co-spectrum  response  (co-spectr 
is  the  real  part  of  cross-spectra) . This  response  has  been  analyze  t 
by  Davis  (17).  His  results  show  that  the  co-spectrum  response  tor 
typical  aircraft  structures  (damping  ratio  of  .01)  is  less  than  JO  ;•» 
cent  of  total  response  for  frequencies  outside  a range  within  five 
percent  of  the  mode  frequency  with  contribution  by  no  frequencie  . 
greater  than  50  percent.  It  is  pointed  out  that  these  are  maxi-  ~ 
possible  values.  This  should  not  result  in  significant  mode  am, 
tion. 

An  unreferenced  bibliography  concerning  the  interaction  of 
acoustic  fields  with  structure  is  presented  following  the  References. 


CONCLUSIONS  AND  RECOMMENDATIONS 


The  engine  test  cells  at  AEDC  were  designed  with  no  thought 
given  to  acoustics.  .The  cells  with  the  required  supporting  structure 
test  hardware  and  instrumentation  have  many  reflecting  and  scattering 
objects  and  surfaces  which  results  in  a complex  acoustic  field  and 
hampering  of  acoustic  analysis.  Analysis  is  further  complicatea  by 
the  close  proximity  of  reflecting  surfaces  to  low  frequency  noise 
sources  resulting  in  the  entire  enclosure  being  in  the  acoustic  nea 
field. 

The  many  scattering  surfaces  in  the  test  cell  enclosure  should 
result  in  a fairly  diffuse  acoustic  field  and  thus  should  be  amenable 
to  an  analysis  taking  advantage  of  these  characteristics.  The  revexoer- 
ation  times  used  with  known  sources  take  advantage  of  this  and  the 
method  should  give  useful  results.  It  is  recommended  that  priority 
be  given  to  obtaining  the  energy  decay  data  or  reverberation  times  *a 
these  data  would  be  useful  in  determining  the  frequency  range  over 
which  acoustic  damping  may  be  necessary  in  addition  to  supplying  the 
data  necessary  for  the  analysis  mentioned  above. 
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An  evaluation  of  noise  sources  and  transmission  paths  le; 
to  the  conclusion  that  the  exterior  noise  sources  do  not  signifi- 
cantly contribute  to  the  test  cell  acoustic  level  with  the  possible 
exception  of  J-l  and  J-2  cells.  The  dominant  interior  sources  are 
combustion  noise,  jet  noise,  and  possibly  jet/diffuser  interaction 
noise.  It  is  recommended  that  model  studies  be  performed  to 
evaluate  the  effect  of  the  jet/diffuser  geometry  on  the  noise 
emitted  to  the  test  cell  enclosure. 

It  is  recommended  that  first  priority  be  given  to  an  acoustic 
survey  under  a severe  engine  test  condition.  This  will  supply  much 
needed  information  concerning  the  severity  of  the  acoustic  environment , 
the  distribution  of  sound  with  respect  to  frequency  content  and  n 
variation  of  sound  pressure  level  within  the  cell. 

State-of-the-art  analysis  of  acoustic  field/structural  inter- 
action primarily  consists  of  statistical  energy  methods.  This  is 
particularly  applicable  to  the  test  cell  enclosure  assuming  a 
diffuse  accustic  field.  Structural  response  is  modeled  as  many 
simple  resonators.  There  is  no  support  found  for  a coupling 
mechanism  between  modes  which  would  unduly  amplify  a particular 
mode  and  result  in  high  amplitude  radiation  source. 

Due  to  the  complexities  associated  with  the  test  cell  from 
an  acoustic  standpoint,  it  is  inconceivable  that  data  could  be 
obtained  which  would  allow  one  to  determine  the  engine  acoustic 
emission  characteristics  in  a normal  operating  environment.  The 
data  necessary  for  this  determination  should  be  taken  from  free 
field  tests  vfith  the  engine  operating  on  either  a test  stand  or 
in  an  anechoic  room.  The  anechoic  room  is  preferable  as  test 
scheduling  would  not  be  subject  to  perturbations  due  to  climatic 
conditions. 
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Figure  2.  Typical  Jet  Engine  Noise  Spectra 
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Figure  3.  Axial  Distribution  of  Source  Frequencies  in 
Ideally  Expanded  Supersonic  Jet. 


Figure  5.  Acoustic  Survey  Microphone  Positions 


1976  USAF-ASEE  SUMMER  FACULTY  RESEARCH  PROGRAM 

sponsored  by 

THE  AIR  FORCE  OFFICE  OF  SCIENTIFIC  RESEARCH 
conducted  by 

AUBURN  UNIVERSITY  AND  OHIO  STATE  UNIVERSITY 
PARTICIPANT'S  FINAL  REPORT 

i 


HIGH  ANGLE  OF  ATTACK  SUPPORT  INTERFERENCE 


Prepared  by:  Robert  C.  Nelson 


Academic  Rank: 

Assistant  Professor 

Department  and  University: 

Department  of  Aerospace  and 
Mechanical  Ehgineering 
University  of  Notre  Dame 

Assignment: 

Air  Force  Base 

Arnold  AFS 

Laboratory 

Arnold  Engineering  Develop- 
ment Center 

Division 

Propulsion  Wind  Tunnel 

Branch 

Aerodynamic  Wind  Tunnel  (4T) 

ARO  Research  Colleague i 

William  B.  Baker,  Jr. 

Date: 

July  23,  1976 

Contract  No. : 

F44620-75-C-0031 

ACKNOWLEDGMENT 


This  study  was  performed  between  May  17th  and  July  23rd, 
1976  and  was  sponsored  by  the  Air  Force  Office  of  Scientific 
Research  as  part  of  the  1976  USAF-ASEE  Summer  Faculty  Research 
Program.  The  author  gratefully  acknowledges  the  cooperation 
and  technical  support  from  members  of  ARO,  Inc. 

The  author  particularly  wishes  to  express  his  gratitude 
to  his  ARO  research  colleague  Mr.  William  Baker  (PWT/4T)  and 
to  Dr.  Marion  Laster  (AEDC/DYR)  the  Air  Force  Coordinator  of 
this  program  at  the  Arnold  Engineering  Development  Center. 


13-2 


I 

! 

I 


LIST  OP  FIGURES 


I 


Figure  1 . 
Figure  2. 
Figure  3. 
Figure  4. 
Figure  5. 
Figure  6. 

Figure  7. 

Figure  8. 

Figure  9 . 

Figure  10. 

Figure  1 1 . 

Figure  12. 
Figure  13. 


High  Angle-of-Attack  Support  Systems 

Examples  of  Support  Interference 

Sketch  of  Missile  with  Body  Vortices 

Wake  Patterns  as  Viewed  in  the  Crossflow  Plane 

Sketch  of  Impulsive  Flow  Analogy 

Ratio  of  Crossflow  Drag  Coefficient  for  a Finite 
Length  Cylinder  to  that  for  an  Infinite  Length 
Cylinder 

Drag  Coefficient  for  a Circular  Cylinder  Started 
Impulsively  from  Rest 

Variation  of  Drag  Coefficient  with  Reynolds 
Number  for  a Circular  Cylinder 

Variation  of  Drag  Coefficient  with  Mach  Number 
for  Circular  Cylinders 

Variation  of  Drag  Coefficient  and  Wake  Patterns 
with  Mach  and  Reynolds  Numbers 

Relationship  Between  Drag  Coefficient  and  Strouhal 
Number 

Effect  of  Splitter  Plates  on  the  Wake  Pressure 

Range  Data  for  a Missile  Launched  at  90  deg 
Angle  of  Attack 


1 . 


13-3 


NOMENCLATURE 
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Cross-  .tional  area  at  the  base  of  the  missile 
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Drag  coefficient 

Differential  corrections  for  aerodynamic 
characteristics 

Normal-force  coefficient  % normal  force/1/2 PV^A) 
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Mass  of  missile 
Normal  force 
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Missile  body  radius 
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Reynolds  number  ~£~ 
Crossflow  Reynolds  number 


Strouhal  number  fd/V 
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Crossflow  velocity  Vc  = sin  <* 
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Axial  distance  along  missile 

Moment  reference  center  measure  from  the  nose 
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Angle  of  attack 
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Ratio  of  drag  coefficients  of  a finite  length 
cylinder  to  an  infinite  cylinder 

Density  of  air 

Kinematic  viscosity 


INTRODUCTION 

Many  modern  tactical  aircraft  and  missiles  have  been 
designed  with  increased  emphasis  on  achieving  more  maneu- 
verability. The  demand  for  increased  maneuverability 
requires  some  of  these  vehicles  to  fly  at  extreme  angles  of 
attack.  Our  knowledge  of  the  aerodynamic  stability  and 
control  characteristics  of  slender  bodies  at  low  angles  of 
attack  is  relatively  well  understood.  Unfortunately  our 
understanding  of  the  basic  aerodynamic  phenomena  in  the  high 
angle-of -attack  regime  is  still  quite  limited.  The  ability 
of  any  aerospace  vehicle  to  perform  its  mission  is  heavily 
dependent  upon  the  effectiveness  of  its  control  system, 
which  in  turn  is  dependent  upon  the  aerodynamic  forces  and 
moments  acting  on  the  vehicle.  Therefore  in  order  to  design 
a flight  control  system  for  a high  angle-of-attack  vehicle 
which  uses  either  aerodynamic  control  surfaces,  thrust 
vector  control,  or  a combination  of  both,  we  must  increase 
our  understanding  of  high  angle-of-attack  aerodynamics. 

In  recent  years  the  Army,  Navy,  Air  Force  and  NASA  have 
sponsored  research  programs  to  develop  a systematic  aerodynamic 
data  base  for  highly  maneuverable  missile  configurations. 

To  date,  aerodynamic  force  and  moment  data  have  been  obtained 
over  a wide  Mach  number  range  (0.4+3.0)  and  angles  of  attack 
from  0-*180  deg.  The  data  base  also  includes  the  influence 
of  systematic  variations  of  tail  planform,  nose  shape, 
missile  fineness  ratio,  etc.  Much  of  this  evolving  data 
base  has  been  obtained  by  the  Arnold  Engineering  Development 
Center . 

In  order  to  perform  aerodynamic  testing  of  missile 
configurations  for  angles  of  attack  ranging  from  0-*180  deg, 
various  support  combinations  (e.g.,  aft  sting,  strut,  or 
nose  sting)  are  usually  required.  Figure  1 shows  some  of 
the  various  support  combinations  that  might  be  used  in  the 
high  angle-of-attack  region.  Support  interference  in  general 
is  quite  small  for  most  of  the  test  conditions.  That  is  the 
mismatch  in  measured  force  coefficients  at  overlapping 
angles  of  attack  for  the  aft  sting,  strut  and  nose  sting 
supports  is  usually  quite  small.  However,  in  the  subsonic 
and  transonic  Mach  number  ranges,  noticeable  differences  in 
the  force  and  moment  coefficients  have  been  observed  when 
going  from  one  support  system  to  another.  Some  examples  of 
support  interference  are  shown  in  Fig.  2.  In  part  a of  this 
figure,  there  is  excellent  data  matching  for  sting  and  strut 
supported  measurements  up  until  angles  near  70  deg.  The 
sting  data  are  found  to  be  very  sensitive  to  Reynolds  number, 
whereas,  the  strut  data  exhibits  no  Reynolds  number  effect. 

On  the  other  hand  in  part  b,  a noticeable  mismatch  in  the 
normal  force  occurs  at  an  angle  of  attack  of  45  deg.  In 
this  test,  an  aft  sting  is  used  from  0-+45  deg  and  a strut 
support  from  40+30  deg.  This  figure  is  representative  of 
the  type  of  interference  that  has  been  noted  in  the  high 
angle-of-attack  region. 
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Before  attempting  to  describe  how  the  support  system 
can  interfere  with  the  measured  force  coefficient,  it  is 
necessary  to  describe  the  flow  field  about  a slender  body  at 
large  angles  of  attack.  The  flow  around  a slender  body 
configuration  can  be  characterized  by  a number  of  different 
flow  regimes.  Figure  3 is  a sketch  of  a slender  missile  at 
angle  of  attack.  As  the  angle  of  attack  of  the  missile 
increases,  the  cross-flow  boundary  layer  separates  due  to 
the  adverse  pressure  gradient  on  the  leeward  side.  The 
fluid  from  the  separated  boundary  layer  then  rolls  up  into 
two  symmetric,  concentrated  vortices  in  the  wake  behind  the 
body.  As  the  angle  of  attack  exceeds  approximately  25  deg, 
the  symmetric  vortex  wake  becomes  asymmetric.  The  occurrence 
of  this  asymmetry  in  the  flow  field  can  give  rise  to  large 
side  forces  and  yawing  moments  for  symmetric  flight  condi- 
tions (angle  of  sideslip  equals  zero).  In  Fig.  4,  the  flow 
around  a missile  at  some  fixed  axial  location  is  illustrated 
for  various  angles  of  attack.  As  the  figure  illustrates, 
the  wake  is  composed  of  two  symmetric  vortices  in  the  low 
angle-of -attack  range.  The  starting  position  of  the  body 
vortices  moves  toward  the  nose  as  the  angle  of  attack  is 
increased.  Increasing  the  angle  of  attack  to  a range 
between  25+50  deg,  the  vortex  pattern  becomes  asymmetrical 
but  steady.  Also,  the  appearance  of  more  than  two  body 
vortices  is  possible  in  this  range.  Further  increases  in 
angle  of  attack  to  the  50-*-70  deg  range  result  in  an  unsteady 
asymmetric  pattern.  This  unsteady  pattern  resembles  the 
classic  Von  Karman  Vortex  Street.  Finally,  in  the  range  of 
70+90  deg,  the  wake  becomes  turbulent.  The  patterns  shown 
in  Fig.  4 depend  upon  the  crossflow  Mach  number,  crossflow 
Reynolds  number,  and  nose  geometry  and  therefore  only 
represent  a qualitative  description  of  the  flow  field.  More 
will  be  said  with  regard  to  the  influence  of  crossflow,  Mach 
number,  and  Reynolds  number  on  the  flow  field  in  a later 
section  of  this  report.  Upon  examining  Figs.  3 and  4,  it  is 
not  at  all  surprising  that  support  interference  occurs  for 
high  angle-of-attack  testing. 

As  mentioned  earlier,  the  support  interference  is  most 
noticeable  at  subsonic  and  transonic  Mach  numbers.  This 
brings  us  to  an  important  point.  Since  missiles  are  de- 
signed for  supersonic  flight,  then  why  worry  about  the 
support  interference  since  it  is  not  generally  a problem  at 
supersonic  speeds.  To  answer  this  question,  one  must  review 
current  trends  in  missile  design  within  the  Department  of 
Defense.  In  so  doing,  one  would  find  a number  of  missile 
concepts  which  employ  an  "Air  Slew  Maneuver."  The  air  slew 
maneuver  can  be  used  to  achieve  very  rapid  and  at  times, 
very  large  heading  changes.  Basically,  these  missiles  employ 
thrust  vector  control  to  rapidly  rotate  the  missile  to  face 
the  desired  target.  The  gross  heading  changes  occur  shortly 
after  launch  and  therefore  the  missile  will  be  maneuvering 
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at  subsonic  speeds  during  the  slew  maneuver.  Since  such 
high  angle-of-attack  maneuvers  will  occur  near  the  launch 
aircraft,  it  is  therefore  important  that  wind  tunnel  data 
used  for  designing  such  vehicles  be  free  of  support  inter- 
ference. 

The  objective  of  this  ten-week  investigation  was  to 
examine  the  various  support  systems  and  attempt  to  identify 
potential  sources  of  flow  field  interference.  In  addition, 
an  assessment  of  the  flow  field  interference  on  AEDC's 
angle-of-attack  force  and  moment  data  was  performed. 

THEORY 

Aerodynamic  Prediction  Methods 

At  present  there  are  no  theoretical  flow  field  models 
suitable  for  examining  support  interference  at  large  angles 
of  attack.  Therefore  several  semi-empirical  methods  were 
examined  to  determine  if  they  might  be  used  to  study  support 
interference  (Ref.  3-8) . The  various  methods  considered 
assume  that  the  force  and  moment  acting  on  the  body  to 
consist  of  an  inviscid  and  a viscous  contribution.  The 
methods  differ  in  how  they  account  for  the  viscous  contri- 
bution. However,  in  general  they  all  employ  what  is  com- 
monly referred  to  as  the  impulsive  flow  analogy  or  unsteady 
crossflow  analogy.  This  analogy  is  based  upon  the  premise 
that  the  flow  at  different  axial  locations  on  a slender  body 
can  be  approximated  by  the  flow  about  a two-dimensional 
cylinder  impulsively  started  from  rest."  Figure  5 shows  a 
sketch  illustrating  the  impulsive  flow  analogy.  Imagine  a 
plane  fixed  to  the  fluid  and  also  perpendicular  to  the  body 
axis.  As  the  body  pierces  this  plane,  the  flow  that  would 
be  seen  in  the  moving  plane  would  look  like  the  flow  field 
developing  around  a two-dimensional  cylinder  which  was 
impulsively  started  from  rest. 

Allen  and  Perkins  (Ref.  3)  were  the  first  to  propose 
using  the  viscous  crossflow  concept  to  predict  the  static 
longitudinal  characteristics  of  slender  bodies  at  large 
angles  of  attack.  Basically,  they  assumed  that  the  incre- 
ment in  normal  force  could  be  related  to  the  drag  force  on  a 
cylinder  at  the  appropriate  crossflow  Mach  and  Reynolds 
numbers.  That  is,  the  normal  force  per  unit  length  could  be 
computed  from  the  following  equation 


ol/V=2r  CAc  (?YcVa)  ax  CO 
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where  r is  the  radius  of  the  body  at  position  X,  and  V 


is  the  crossflow  velocity.  C.  is  the  drag  coefficient 


for  a circular  cylinder  at  the  crossflow  Mach  number  and 
Reynolds  number 


Mt=Vt/a  Re=  2rVt/V  00 


Finally,  the  increment  in  normal-force  coefficient,  due 
to  the  viscous  effects,  can  be  expressed  as  follows: 
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The  crossflow  drag  proportionality  factor,  Y}  , is  the  ratio 
of  the  crossflow  drag  coefficient  for  a cylinder  of  finite 
length  to  that  for  an  infinite  cylinder.  Figure  6 is  a plot 
of  ^ versus  the  length  to  diameter  ratio  of  a circular  cyl- 
inder. The  increment  in  pitching-moment  coefficient  can  be 
obtained  from  the  following  equation: 
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The  normal-force  and  pitching-moment  coefficients  for  the 
vehicle  are  then  determined  by  adding  the  viscous  contribution 
to  the  coefficients  obtained  from  slender  body  theory. 
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Later  Kelly  (Ref.  4)  modified  the  preceding  approach 
to  account  for  a transient  drag  coefficient.  He  used  the 
drag  data  obtained  by  Schwabe  (Ref.  10)  for  circular  cyl- 
inders started  impulsively  from  rest.  Figure  7 shows 
Schwabe 's  experimental  results.  To  use  the  impulsive  drag 
coefficient  one  must  relate  the  parameter  Vt/r  (non- 
dimensional  distance  traveled  by  the  infinite  cylinder  in 
crossflow)  to  the  axial  station  on  the  missile.  The 
relationship  is  shown  below: 


Although  Kelly  was  able  to  obtain  good  agreement  with  experi- 
mental data,  his  results  seem  somewhat  fortuitous  when  one 
examines  the  data  presented  by  Sarpkaya  (Ref.  11)  for  an 
impulsively  started  cylinder.  Sarpkaya' s data  have  been 
accepted  as  truly  representing  the  transient  drag  coefficient 
and  are  included  in  Fig.  7. 

The  methods  discussed  in  the  preceding  paragraphs  have 
been  used  successfully  to  predict  the  static  longitudinal 
aerodynamic  coefficient  for  angles  of  attack  up  to  30  deg. 
However,  Jorgensen  (Ref.  9)  was  the  first  one  to  extend 
Allen  and  Perkins  method  to  the  high  angle-of-attack  region. 
Jorgensen's  formulas  are  listed  below: 
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The  first  term  in  the  above  equations  is  the  familiar  slender 
body  result  and  the  second  term  is  the  viscous  crossflow 
contribution.  Also  it  should  be  noted  that  Jorgensen's 
technique  does  not  use  the  impulsive  drag  coefficient.  That 
is,  the  technique  uses  the  appropriate  steady  two-dimensional 
drag  coefficient. 

Since  Jorgensen's  equations  have  been  shown  to  accurately 
predict  the  aerodynamic  characteristics  at  large  angles  of 
attack,  they  were  therefore  selected  to  study  the  support 
interference.  These  equations  are  strongly  dependent  upon 
the  crossflow  drag  coefficient.  Thus,  if  one  can  show  the 
effect  of  the  strut  or  sting  on  the  local  drag  coefficient 
then  Jorgensen's  equations  could  be  used  to  assess  the 
interference  in  the  measured  coefficients.  However,  before 
proceeding  with  this  analysis  it  would  be  appropriate  to 
review  the  state  of  knowledge  with  regard  to  the  drag  coef- 
ficient of  an  infinite  circular  cylinder. 

Review  of  Two-Dimensional  Drag  Data 

The  drag  coefficient  of  an  infinite  circular  cylinder 
is  a function  of  both  Reynolds  and  Mach  numbers.  Figure  8 
shows  the  influence  of  Reynolds  number  on  the  drag  coef- 
ficient for  free-stream  Mach  numbers  less  than  the  critical 
Mach  number  (i.e.,  the  free-stream  Mach  number  at  which  flow 
around  the  cylinder  just  becomes  sonic) . In  the  Reynolds 
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number  range  between  10  to  5 x 10  the  drag  coefficient 
changes  significantly.  In  this  Reynolds  number  range,  the 
flow  around  the  cylinder  also  changes  from  laminar  boundary 
layer  separation  to  a turbulent  boundary^layer  separation. 

In  the  Reynolds  number  range  from  2 x 103  to  4 x 105  the 
laminar  boundary  layer  has  undergone  turbulent  transition. 

The  wake  is  narrow  and  disorganized  with  no  apparent  vortex 
streetg  However,  as  the  Reynolds  number  is  increased  beyond 
4 x 103  the  drag  coefficient  increases  up  to  a value  of  0.7. 
The  flow  in  this  region  is  characterized  by  the  re-establish- 
ment of  the  turbulent  vortex  street  as  shown  in  Fig.  8 
(Ref.  12,  13). 

Figure  9 shows  the  influence  of  Mach  number  on  the  drag 
coefficient.  Note  that  when  the  Reynolds  number  is  in  the 
critical  Reynolds  number  range  the  drag  coefficient  changes 
significantly  for  Mach  numbers  less  than  0.44.  Additional 
insight  into  the  flow  patterns  around  circular  cylinders  in 
the  critical  Mach  number  range  are  highlighted  in  the  paper 
by  Naumann  et  al  (Ref.  16).  Figure  10  shows  the  essential 
features  of  the  drag  coefficient  as  a function  of  Mach 
number.  The  three  curves  correspond  to  cylinders  of  different 
diameters.  For  the  curved  marked  by  the  Roman  numeral  I the 
critical  Mach  number  occurs  at  a subcritical  Reynolds  number. 
Local  shock  waves  develop  which  prevent  the  separation  point 
from  moving  farther  downstream  even  when  the  boundary  layer 
becomes  turbulent.  Thus,  when  the  critical  Reynolds  number 
is  reached  the  flow  pattern  remains  essentially  unchanged. 

On  the  other  hand,  the  curve  marked  by  Roman  numeral  II,  the 
critical  Mach  number,  occurs  at  super  critical  Reynolds 
number.  Now  in  this  case  the  boundary  layer  is  turbulent  at 
the  point  of  separation.  Once  again  shock  waves  develop  on 
the  cylinder  and  because  of  the  pressure  rise  across  the 
shock  the  separation  point  is  fixed  at  a smaller  azimuth 
angle.  As  a result,  the  wake  is  wider  and  again  a vortex 
street  is  formed.  The , local  shock  waves  occurring  on  the 
cylinder  were  found  to  alternate  from  side  to  side  at  the 
same  frequency  as  the  shedding  of  the  vortices.  Included  in 
Fig.  10  is  a series  of  sketches  illustrating  the  variation 
of  flow  patterns  that  may  exist  around  a circular  cylinder 
at  different  Mach  and  Reynolds  numbers. 

The  relationship  between  the  drag  coefficient  and 
Strouhal  number  as  a function  of  Reynolds  number  is  pre- 
sented in  Fig.  11.  The  quantity  0.22/S  has  been  used  in 
place  of  the  usual  1/S.  Note  that  the  curves  fall  almost  on 
top  of  one  another.  This  curve  clearly  establishes  the 
dependence  of  the  drag  coefficient  on  the  vortex  shedding 
characteristics . 
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The  drag  and  lift  acting  on  a circular  cylinder  can  be 
shown  to  be  related  to  the  vortex-induced  low  pressure 
region  in  the  wake.  Thus,  the  drag  and  lift  might  be 
reduced  if  the  vortex  action  could  be  inhibited.  Various 
experiments  have  been  performed  to  investigate  the  influence 
of  vortex  inhibitors  (Ref.  12,  17,  18).  These  investigations 
showed  that  a splitter  plate  placed  parallel  with  the  cyl- 
inder axis  and  the  free  stream  could  obstruct  the  vortex 
formation  and  also  eliminates  the  extreme  reduction  in 
pressure  in  the  wake.  The  splitter  plate  may  reduce  the 
drag  coefficient  by  as  much  as  30%.  However,  the  splitter 
plate  was  found  only  to  be  effective  in  the  subcritical 
Reynolds  number  region.  In  the  supercritical  regime  Roshko 
(Ref.  12)  could  not  detect  any  effect  on  the  drag  coefficient. 

The  length  of  the  splitter  plate  as  well  as  its  downstream 
location  in  the  wake  are  shown  in  Fig.  12.  The  first  curve 
shows  the  effect  on  the  local  pressure  coefficient  of  a 
splitter  plate  almost  five  diameters  in  length.  The  plate 
is  very  effective  in  eliminating  the  extreme  reduction  of 
pressure  in  the  wake.  The  second  curve  shows  the  influence 
of  spacing  a short  splitter  plate  at  various  downstream 
locations  in  the  wake.  As  the  figure  illustrates,  the 
splitter  plate  is  effective  in  reducing  the  base  pressure 
coefficient  C for  distances  up  to  3.8  diameters.  From  this 
point  on,  thepsplitter  plate  is  ineffective.  Roshko  (Ref.  12) 
contends  that  the  alternate  vortex  shedding  can  re-establish 
itself  between  the  aft  end  of  the  cylinder  and  the  splitter 
plate. 


ANALYSIS 


Strut  Interference 


In  the  preceding  section,  a method  for  predicting  the 
static  aerodynamic  characteristics  was  presented.  The 
forces  and  moments  were  shown  to  be  related  to  the  crossflow 
drag  coefficient  of  an  infinite  cylinder  having  a Mach 
number  and  Reynolds  number  identical  to  the  crossflow  Mach 
and  Reynolds  numbers  of  the  missile.  Furthermore,  a brief 
discussion  of  the  drag  coefficient  of  an  infinite  cylinder 
and  its  wake  characteristics  as  a function  of  Reynolds 
number  and  Mach  number  was  presented.  The  drag  and  flow 
patterns  were  found  to  be  extremely  complicated.  Since  the 
normal  force  and  pitching  moment  are  related  to  the  cross- 
flow  drag  coefficient,  then  this  offers  a procedure  for 
qualitatively  evaluating  the  potential  interference  effects 
caused  by  either  a sting  or  strut  support.  If  one  can  show 
the  influence  of  the  strut  or  sting  on  the  local  crossflow 
drag  coefficient,  then  the  interference  may  be  assessed  by 
means  of  the  aerodynamic  prediction  methods. 


As  was  shown  in  Fig.  12,  the  drag  coefficient  of  an 
infinite  cylinder  can  be  modified  by  placing  a splitter 
plate  in  the  cylinder's  wake.  Now  if  we  consider  the  strut 
support  shown  in  Fig.  1,  as  well  as  the  crossflow  analogy, 
then  the  strut  would  appear  as  a splitter  plate  moving  away 
from  the  body  as  we  move  axially  along  the  missile.  Thus, 
the  crossflow  drag  coefficient  in  the  vicinity  of  the  strut 
should  be  modified  by  the  presence  of  the  strut  support.  In 
Fig.  2b,  a 10%  difference  in  measured  normal-force  coef- 
ficient was  observed  in  going  from  the  sting  to  strut  sup- 
port system.  The  data  presented  in  tjais  figure  were  ob- 
tained at  a Reynolds  number  of  3 x 10°.  Now  Roshko  found 
the  splitter  plate  to  be  ineffective  at  such  a large  Reynolds 
number  for  experiments  performed  below  the  critical  Mach 
number.  However,  Nauman  et  al  (Ref.  16)  found  the  flow 
around  a cylinder  above  the  critical  Mach  and  Reynolds 
numbers  to  be  similar  to  the  flow  pattern  associated  with 
subcritical  Reynolds  and  Mach  number  flow.  Since  the  flow 
patterns  are  similar,  we  will  assume  that  the  strut  acts 
like  a splitter  plate  and  will  modify  the  drag  coefficient 
accordingly.  The  difference  in  prediction  of  the  normal- 
force  coefficient  for  the  modified  and  unaltered  crossflow 
drag  coefficient  is  11%  at  an  angle  of  attack  of  45  deg. 

This  of  course  agrees  favorably  with  the  observed  difference. 


For  the  data  shown  in  Fig.  2a,  the  crossflow  Reynolds 
number  is  in  the  critical  range  and  therefore  the  wake  may 
appear  more  like  that  shown  in  Fig.  10  for  condition  D. 

That  is,  the  wake  is  transitioning  from  a completely  tur- 
bulent flow  to  a turbulent  vortex  street.  In  this  region, 
the  strut  should  have  little  influence  on  the  wake  or  force 
or  moment  coefficients. 


Sting  Interference 


A potential  source  of  interference  in  the  sting  data  is 
the  possibility  of  the  interaction  of  the  sting  and  model 
wake  vortices.  For  the  sting,  data  shown  in  Fig.  2a,  the 
Reynolds  number  was  varied  from  2x10'*to4x10  whereas 
the  sting  Reynolds  number  varied  from  10"5  to  2 x 10.  From 
Fig.  11  which  shows  the  similarity  of  the  drag  coefficient 
to  the  inverse  of  the  Strouhal  number,  one  can  see  that  both 
the  drag  coefficient  and  Strouhal  number  vary  significantly 
in  the  Reynolds  number  range  at  which  the  model  was  tested. 

In  this  Reynolds  number  range,  the  crossflow  drag  coefficient 
would  be  decreasing  and,  therefore,  the  normal-force  coefficient 
would  decrease  with  increasing  Reynolds  number.  This  is 
opposite  to  the  trend  exhibited  by  the  data.  On  the  other 
hand,  if  the  curve  shown  in  Fig.  11  were  shifted  to  the 
left,  that  is  the  transition  region  has  occurred  at  a lower 
Reynolds  number,  the  crossflow  drag  coefficient  would  be 
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increasing  with  Reynolds  number.  Such  an  effect  has  been 
demonstrated  in  experiments  conducted  with  two-dimensional 
cylinders  having  various  degrees  of  surface  roughness. 

The  influence  of  increased  roughness  is  to  lower  the  tran- 
sition Reynolds  number.  The  model  used  in  this  experiment 
had  No.  180  grit  applied  along  the  windward  side  and,  there- 
fore, could  account  for  the  increase  in  normal-force  coef- 
ficient with  Reynolds  number.  Unfortunately,  the  same 
argument  should  hold  for  the  strut  data.  But  as  Fig.  2a 
indicates,  the  strut  data  are  not  influenced  by  changes  in 
Reynolds  number. 

An  alternate  explanation  of  the  anomaly  in  the  sting  data 
is  the  possibility  of  an  interaction  of  the  sting  wake  with 
that  of  the  model.  If  the  presence  of  the  sting  vortices 
cause  the  model  wake  to  widen  it  would  be  possible  to  obtain 
the  trend  exhibited  by  the  data.  However,  no  information  on 
such  an  effect  could  be  found  in  the  literature  to  substantiate 
such  an  argument.  The  influence  of  model-sting  wake  inter- 
action could  be  assessed  by  a simple  experiment.  The  test 
would  consist  of  obtaining  high  angle-of-attack  data  for  a 
slender  body  for  several  sting  diameters.  The  diameter  of 
the  sting  should  be  varied  up  to  the  model  diameter.  If  the 
anomaly  is  due  to  differences  in  vortex  shedding  frequency 
or  wake  width,  it  should  be  apparent  in  the  measured  force 
and  moment  coefficients  for  the  different  sting  arrangements. 


Ballistic  Range  Data 


In  addition  to  the  wind  tunnel  data,  a limited  amount  of 
data  was  available  from  tests  performed  at  AEDC's  Hyper- 
ballistic  Range  (G) , Ref.  19.  These  tests  were  performed 
to  obtain  high  angle-of-attack  data  which  were  free  of  support 
interference.  A slender  body  of  revolution  was  launched  at 
90  deg  angle  of  attack  (i.e.,  broadside).  By  balancing  the 
center  of  mass  at  the  approximate  location  of  the  aerodynamic 
center,  the  missile  was  trimmed  to  fly  at  approximately  90 
deg  angle  of  attack.  The  missile  was  launched  at  Mach  numbers 
from  0.5  to  1.1.  Figure  13  shows  the  results  from  a typical 
flight.  The  normal-force  coefficient  was  determined  from 
a simple  formula  obtained  from  integrating  the  drag  equation. 
The  difficulty  in  using  this  approach  is  that  the  normal- 
force  coefficient  in  this  Mach  number  and  Reynolds  number 
range  is  varying  significantly,  therefore  this  approach  will 
yield  only  an  average  value  of  the  normal-force  coefficient. 
From  a simple  analysis  of  the  drag  equation  using  a variable 
C„  based  upon  experimental  measurements,  it  was  determined 
that  the  technique  used  for  extracting  CN  would  be  in  error 
by  as  much  as  20%.  Therefore,  it  was  decided  that  a more 
sophisticated  data  reduction  procedure  was  warranted.  The 
parameter  identification  procedure  selected  was  based  upon 
the  technique  developed  by  Chapman  and  Kirk  (Ref.  20,  21). 
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The  basis  for  any  parameter  identification  procedure  is 
to  minimize  the  deviation  between  the  experimentally  deter- 
mined motion  and  the  calculated  motion.  If  we  can  minimize 
this  deviation  we  have  achieved  the  "best  fit"  to  the  experi- 
mental data,  and  the  coefficients  used  in  the  calculated 
motion  are  the  desired  aerodynamic  coefficients. 

Now  let  us  consider  the  Drag  Equation 


for  a missile  at  90  deg  angle  of  attack  having  initial 
conditions  X(0)  = C1  and  X1 (0)  = C2.  Recall  that  earlier 
the  normal-force  coefficient  was  shown  to  be  proportional  to 
the  drag  coefficient  of  an  infinite  cylinder.  Therefore,  in 
the  above  equation  can  be  expressed  as  function  of  both 

Reynolds  number  and  Mach  number.  Since  the  missile  oscillates 
in  angle  of  attack  as  it  flys  down  the  range,  CN  is  expressed 

as  a function  of  angle  of  attack.  Rewriting  equation  8 we 
have 


Since  a functional  relationship  is  available  for  the  depend- 
ence of  Cd  on  Mach  and  Reynolds  number  from  Ref.  1,  the 
c 

above  equation  will  be  expressed  as  follows: 


where  1 is  the  ratio  of  C 


/C, 


Now  it  should  be 


t=0 


noted  that  we  could  have  included  additional  terms  into  the 
above  equation  to  account  for  the  Mach  number  and  Reynolds 
number  variation.  For  example,  C + CM  M + CM  , M , etc. 

WM  nM 


However,  the  ddta  are  quite  limited  so  it  was  decided  that 
the  best  approach  would  be  to  include  the  Reynolds  and  Mach 


rr 

I 

I 


' I 

] 


number  effects  by  means  of  the  function  f which  was  form- 
ulated from  the  drag  curves  of  Ref.  1.  Therefore,  the 
coefficients  that  we  obtain  represent  the  values  at  the 
start  of  the  data. 

We  are  interested  in  obtaining  the  coefficient  C„ 

CN  v C1  and  C2-  This  is  accomplished  by  finding 

S 

the  minimum  of  the  Sum  of  the  Squares  of  the  Residuals  (SSR) 


ssr 


00 


In  order  to  find  the  minimum  of  Equation  (11)  we  can  employ 
the  method  of  differential  corrections.  Assume  for  the  time 
being  that  approximate  values  of  the  CN>fr  , CN  2,  etc'  are 

fx  <f 

known.  If  X is  expanded  about  the  approximate  solution  by 
means  of  Taylor  series  the  following  equation  can  be  estab- 
lished. 


= +2(fe).  AC-  1 

1 * *■ 

O O 1 '•_»■»  w* 

VS  vv 


(11) 


where  . (t. ) I is  the  value  of  X at  time  t.  which  is 

cal  1 I o 1 

obtained  by  numerical  integration  of  Equation  (10).  Sub- 
stituting (12)  into  (11)  yields. 


SR  2 ‘ 


> 45'  -1 


(13) 


To  find  the  minimum  of  this  equation  we  take  the  derivative 
of  SSR  with  respect  to  C.  (the  corrections  to  the  coefficients) 
and  set  the  derivative  equal  to  zero. 


0 a-  • 


2 [Vt0."  A Cj]  TTk  = 0 


(iw) 


This  equation  can  be  rewritten  as  follows: 
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v = tmm. 
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where  Aj,^  A ^K.  “ ^ j 
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If  we  could  evaluate  the  derivative  ( Cj } then  it  would 

be  a simple  matter  to  obtain  the  corrections  AC.  . Unfort- 
unately these  derivatives  are  not  easily  evaluated.  Chapman 
and  Kirk  obtained  the  necessary  derivatives  by  means  of 
parametric  differentiation.  The  procedure  will  be  illustrated 
by  applying  the  method  to  the  preceding  equations. 


First  we  must  define  the  following  nomenclature. 


P-  12.  p’ -1£  A*‘  p,"_2>'p. 

1 at  icj  i ~de 


ax" 


(17) 


Furthermore,  it  is  assumed  that  the  order  of  differentiation 
can  be  reversed  that  is 


A.  /d*V-  ^ fdx  \ 


0 8) 


If  we  differentiate  Equation  (10)  with  respect  to  C . we  obtain 
the  following  differential  equations.  ^ 


§*“[><  V'K©S  = 


U8) 
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dt 
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The  initial  conditions  for  these  equations  are 

^ — ^3L = = 0 ; ^3  “ > P,  - F).  = — 0 , ?y=:l 

Integration  of  these  equations  will  yield  the  desired 
derivatives  &X/dC..  The  derivatives  (dx/dt)i  are  obtained 
from  integration  of  Equation  C\0)_.  S is  obtained  from  the 
experimental  measurements  as  is  f. 

The  procedure  for  determining  the  coefficients  can  now 
be  outlined  as  follows: 

1 . Make  some  initial  guesses  on  the  values  of 
the  coefficients. 


2. 

3. 

4. 


5. 


6. 


7. 


Integrate  Equation  10. 

Integrate  Equation  19. 

Use  5 X/^C . to  obtain  ^C.  from  Equations  (15) 
and  (16) . 3 

% 

Calculate  SSR  from  Equation  (13)  and  compare  with 
some  previously  determined  tolerance. 

Determine  new  values  of  coefficients  C.  = C.  +AC. 

3 D 3 

With  new  coefficients  return  to  step  2 and  repeat 
process  until  SSR  remains  essentially  constant. 


A thorough  evaluation  of  this  approach  was  not  possible 
due  to  the  time  limitations  of  the  Summer  Faculty  Research 
Program,  however,  preliminary  results  appear  to  be  quite 
encouraging.  A computed  trajectory  is  included  in  Fig.  13. 
The  value  of  the  normal-force  coefficient  was  found  to  be 
approximately  15%  higher  than  the  normal-force  coefficient 
reported  in  Ref.  19.  The  approach  developed  in  this  section 
could  be  used  to  obtain  more  accurate  estimates  of  the  aero- 
dynamic coefficients  than  the  approach  used  in  Ref.  19. 
However,  if  more  trajectory  data  were  available,  AEDC's 
nonlinear  parameter  identification  techniques  should  be  used. 


13-17 


S 


m 


ta 


CONCLUSIONS 


Based  upon  this  preliminary  investigation  of  high  angle- 
of-attack  support  interference,  the  following  tentative 
conclusions  have  been  reached: 

1.  The  influence  of  the  strut  support  on  the  aero- 
dynamic characteristics  of  a slender  body  at  large 
angles  of  attack  may  act  in  a manner  similar  to 
that  of  a splitter  plate  located  downstream  of  an 
infinite  cylinder  in  crossflow.  Basically,  the 
splitter  plate  controls  the  vortex  formation  in 
the  wake  of  the  cylinder.  At  subcritical  Reynolds 
number  the  splitter  plate  has  been  shown  experimentally 
to  reduce  the  two-dimensional  drag  coefficient  by 

30%.  Although  the  influence  of  the  splitter  plate 
has  been  studied  only  in  flows  below  the  critical 
Mach  number  (M  < 0.44)  one  might  expect  a similar 
result  for  flows  at  Reynolds  and  Mach  numbers 
greater  than  the  critical  values,  because  the  high 
speed  wake  flows  around  a two-dimensional  cylinder 
resemble  the  low  speed  subcritical  Reynolds  number 
flow  where  the  splitter  plate  is  effective. 

2.  A potential  source  of  sting  interference  is  the 
interaction  of  the  model  and  sting  wake.  It  is 
recommended  that  additional  high  angle-of-attack 
data  be  obtained  on  a slender  body  of  revolution 
for  several  sting  diameters.  By  varying  the  sting 
diameter,  the  influence  of  the  width  and  shedding 
frequency  of  the  sting  on  the  model  aerodynamic 
coefficients  could  be  assessed. 

3.  The  use  of  grit  (i.e.,  surface  roughness)  on  wind 
tunnel  models  in  order  to  obtain  a better  simulation 
of  the  flow , characteristics  of  the  full-scale 
vehicle  should  be  examined.  In  reviewing  the  experi- 
mental measurements  made  on  slender  bodies  at  large 
angles  of  attack,  one  finds  a variety  of  grit 
patterns  being  used.  The  patterns  include  a ring 

of  grit  around  the  nose,  rays  or  lines  of  grit 
running  along  the  length  of  the  model,  no  grit, 
and  grit  over  the  entire  model.  The  effect  produced 
by  these  patterns  will  be  strongly  dependent  upon 
angle  of  attack.  It  is  recommended  that  AEDC  in 
cooperation  with  the  other  wind  tunnel  facilities 
conducting  high  angle  of  attack  research  study  the 
influence  of  grit  patterns,  with  the  objective  of 
establishing  guide  lines  or  standards  for  grit 
application . 
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Preliminary  tests  by  AEDC  using  the  Hyperballistic 
Range  (G)  to  investigate  high  angle-of-attack 
aerodynamic  characteristics  could  be  developed 
into  a unique  capability.  The  major  limitation  at 
present  is  the  lack  of  a sufficient  number  of  data 
stations.  This  is  due  to  the  fact  that  only  a 
small  portion  of  the  available  range  is  used  when 
the  projectile  is  launched  at  transonic  Mach 
numbers.  If  additional  trajectory  data  could  be 
obtained,  then  the  nonlinear  aerodynamic  parameter 
identification  routines  available  at  AEDC  could  be 
employed  to  determine  the  aerodynamic  character- 
istics of  slender  bodies  at  large  angles  of  attack. 
Until  more  data  can  be  acquired,  a method  similar 
to  the  one  developed  in  this  report  could  be  used. 
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1 DEVELOPMENT  OF  A NESTED  VIRTUAL  MACHINE, 

DATA-STRUCTURE  ORIENTED 
SOriV/ARE  DESIGN  METHODOLOGY 
AND  PROCEDURE  FOR  ITS  EVALUATION 

by 

M.  M.  Grossman 


ABSTRACT 


The  complexity  of  present-day  computer  programs  makes  it  very  difficult  to 
achieve  reliability  in  their  performance.  This  lias  motivated  a substantial 
amount  of  research  into  the  design  of  quality  software.  A methodology  for 
the  design  of  software  is  proposed  which  is  based  on  two  key  concepts  which 
have  emerged  from  this  research.  A procedure  for  evaluating  this 
methodology  is  presented.  A software  quality  model  is  developed  and 
validated  as  part  of  this  procedure. 

Tlie  proposed  methodology  provides  an  approach  to  the  critical,  early  stages 
of  software  design.  This  phase  of  the  design,  the  conception  of  the 
functional  structuring  of  the  program,  is  left  to  the  ingenuity  of  the 
designer  in  the  majority  of  other  design  methods.  It  utilizes  a graphical 
portrayal  of  successive  refinements  of  the  data  structures  to  define  a 
sequence  of  nested  virtual  machine  programs  which  are  structured  to  natch 
the  data.  This  methodology  is  shown  to  satisfy  many  of  the  general  criteria 
and  guidelines  associated  with  the  design  of  quality  software. 
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OBJECTIVES 


There  are  tliree  specific  objectives  to  be  met  by  this  project, 

1.  Provide  a software  quality  model. 

This  model  is  to  serve  the  needs  of  this  project.  It  is  to  reflect  work 
already  done  in  this  area  and  is  not  intended  as  a substitute  for  more 
extensive  work  planned  on  this  topic. 

2.  Develop  essentials  of  a software  design  methodology. 

This  methodology  should  be  sufficiently  structured  so  that  it  can  be  taught 
and  should  permit  the  design  of  uniformly  high-quality  software.  This 
project  should  develop  the  methodology  sufficiently  to  permit  an  evaluation 
of  its  feasibility. 

3.  Describe  procedures  for  evaluating  the  software  design  methodology  and 
validating  the  software  quality  model. 
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1.0  INTRODUCTION 


Present-day  carrputer  programs  are  designed  to  solve  very  complex  problems. 
This  makes  it  very  difficult  to  produce  reliable  software.  Substantial 
research  effort  in  this  area  has  produced  various  theories,  ooncepts,  and 
methods  directed  toward  the  design  of  quality  software. 


_1._1  Software  Design 

There  is,  as  a result  of  the  newness  of  the  software  design  field,  no 
established  body  of  theory.  Consequently,  rruch  of  the  research  has 
produced  general  concepts  and  philosophies  rather  than  specific 
methods (5).  Some  efforts  to  codify  these  ooncepts  have  been 
oversimplistic  and  have  distorted  their  essential  significance.  The 
"goto  controversy"  (1)  is  a good  exanple  of  this  state  of  affairs. 

A few  recent  efforts  have  been  directed  to  the  incorporation  of  these 
newly  evolved  theories  of  design  into  well  conceived  methods  of 
software  design.  The  najor  concern  behind  nany  of  these  efforts  is  the 
production  of  software  which  can  be  proven  to  be  correct.  Virtually 
all  of  tliese  techniques  jirovide  a meclianism  for  specifying  the 
behavior  of  the  design  once  the  basic  conception  of  the  design  has 
been  formulated. 

In  summary,  most  of  tlie  research  in  the  design  of  computer  software 
has  either  produced  general  theories  and  philosophies  ar  has  produced 
methods  for  precise  specification  of  already  conceived  designs. 


1.2.  Proposed  Software  Design  Methodology 

The  proposed  software  design  methodology  (SDM)  provides  a structured 
approach  to  the  early  stages  of  software  design  during  which  tlie 
essential  program  structure  is  established.  This  phase  of  design  is 
critical  to  the  ultimate  software  quality  (28). 

The  metlodology  is  based  on  a synergistic  combination  of  ooncepts.  The 
two  key  ooncepts  incorporated  in  it  are  the  concept  of  nested  virtual 
machines  (5,  30)  and  the  concept  of  notching  the  program  structure  to 
the  data  structure  (15,28).  The  design  is  achieved  by  a sequence  of 
stepwise  refinements  (24)  of  the  data  structures,  starting  with  the 
highest  "level  of  abstraction"  (as  described  by  Bums(3),  not  by 
Constantine (28)) , or  least  detailed  representation  of  the  data 
structure,  and  ending  with  the  most  detailed  representation.  The  data 
structures  are  represented  by  directed  graphs  similar  to  those  used  by 
barley  (9)  but  with  modifications  and  extensions. 

The  proposed  metliodology  is  intended  to  fill  the  void  between  general 
theories  and  guidelines  for  the  software  design  process  on  the  one 
hand,  and  the  detailed  specification  of  the  already  oonceived  design 
on  the  other *hand. 


I 
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1. 3.  Evaluation  of  the  Method 

The  method  is  evaluated  by  having  two  groups  of  teams  design  software, 
one  using  the  proposed  methodology  and  the  other  not  using  it.  The 
effectiveness  for  the  methodology  is  determined  by  asnparing  the 
resulting  software  products. 


1.4  Software  Quality  Model 

The  criteria  for  software  quality  are  not  well  defined  at  the  present 
time.  Considerable  research  is  being  conducted  to  define  these 
criteria  and  to  determine  the  relationships  among  them. 

A provisional  software  quality  model  is  presented  for  the  evaluation 
of  the  software  products  developed  in  the  course  of  this  project.  This 
model  will  be  based,  to  a large  extent,  on  reported  research  results 
in  the  area  of  software  quality  factors. 


2.0  BACKGROUND 

The  phenomenal  rate  of  progress  in  digital  computation  has  strained  our 
ability  to  effectively  utilize  this  tool.  Recent  developments  have  required 
major  reversals  in  our  approach  to  software  development.  Current 
achievements  suggest  continuing  changes  in  the  software  environment. 


2.1  Early  Computing  ihvironment 

The  introduction  of  the  stored  program  concept  by  John  Von  Neumann 
marked  a major  event  in  the  history  of  computation.  It  provided  tire 
oomputer  with  the  ability  to  modify  its  own  program;  the  key  element 
needed  for  adaptive  beliavior.  This  capability,  primarily  used  for 
address  modification  in  handling  arrays  of  data,  also  provided  raj or 
headaches  for  software  designers.  Debugging  a changing  program  was 
simply  too  rruch  of  a problem.  The  solution  to  the  problem  came  in  the 
form  of  architectural  changes  in  the  computer  hardware,  the 
introduction  of  index  registers  and  indirect  addressing,  which 
obviated  the  need  for  the  program  to  modify  itself. 

With  this  problem  taken  care  of,  prograrrong  digital  computers  was  not 
a terribly  difficult  task.  The  limited  memory  rapacity  and  relatively 
slew  speeds  of  early  machines  restricted  the  complexity  of  problems  to 
viiich  they  could  be  applied,  sc  tlvat  tedium,  ratlier  than  intellectual 
challenge,  was  the  major  problem  for  t)«  prognawner. 

The  hallmark  of  the  expert  programmer  was  the  ability  to  squeeze  a 
large  program  into  the  limited  memory  or  Tie  ability  to  shave  a few 
milliseconds  from  the  execution  time  by  the  use  of  clever  tricks. 
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The  creation  of  high  level  languages  did  much  to  relieve  the  tedium  of 
programming  while  also  making  it  more  difficult  for  the  master 
programmer  to  exercise  his  craft.  Instead,  analysts  turned  their 
attention  to  solving  more  complex  problems. 


2_.2  Present  Computing  Environment 

Improvements  in  computer  hardware  have  provided  great  increases  in 
computer  speed  and  tremendously  increased  memory  capacities. 
Architectural  advances  provide  better  efficiency  so  that  the  computer 
can  now  handle  problems  whose  complexity  is  vastly  greater  tlian  the 
problems  which  strained  the  capabilities  of  the  machines  of  two 
decades  ago. 

It  is  this  complexity  which  is  the  programmer's  challenge.  The 
mathematician  has  developed  algoritlms  for  solving  the  problem  but 
they  are  complex  and  the  programs  required  for  their  implementation 
are  complex.  The  old  program  design  paradigm,  based  on  the  use  of 
clever  tricks  to  gain  efficiency,  results  in  an  incomprehensible, 
unreliable  software  product  (1). 

The  essential  message  of  structured  programming  (1)  and  structured 
design  (28)  is  to  simplify  program  structure.  The  situation  is  similar 
to  that  which  existed  when  programmers  stopped  writing  programs  which 
modified  themselves;  they  had  to  give  up  a measure  of  flexibility  in 
order  to  gain  simplicity.  Die  difference  is  that  there  wasn't  as  long 
a period  of  time  to  establish  the  practice  of  writing  programs  that 
were  self-modifying  as  there  has  been  for  designing  programs  whose 
major  quality  criteria  are  efficiency  of  storage  utilization  and 
minimal  execution  time. 


2_.3_  Future  Computing  Environment 

Current  work  in  microprocessors  and  microprogramming  points  toward 
widespread  use  of  multiprocessors  and  distributed  computing  systems  of 
various  sorts,  as  well  as  an  increased  flexibility  in  oorputer 
architecture  and  instruction  sets.  Ongoing  work  in  the  technology  of 
memory  devices  suggests  more  widespread  use  of  firmware  in  place  of 
software  for  certain  applications  and  increased  system  memory 
capacities.  Tlie  immanence  of  these  developments  requires  that  software 
design  methods  be  evaluated  in  terms  of  their  suitability  for  such 
environments. 


3.0  SOFTWARE  QUALITY 


The  objective  of  software  design  metliods  is  to 
software.  Many  people  use  the  term  "software  quality" 


design  high  quality 
and  generally  have 
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relatively  similar  characteristics  in  mind,  but  there  are  no  precise 
definitions  for  it  nor  is  there  agreement  as  to  which  components  are  most 
important.  Boelim,  et  al  in  a TRW  study  (2)  conclude  that  the  criteria  for 
software  quality  depend  on  the  needs  and  priorities  of  the  prospective  user 
of  the  software.  Despite  this,  it  is  essential  to  agree  upon  some  set  of 
definitions  and  criteria  if  there  is  to  be  meaningful  oonmunication  and 
work  in  this  area. 


_3.1_._1  Components  of  Software  Quality 

There  is  general  agreement  that  the  following  are  components  of 
software  quality: 

(1)  Reliability  - In  terms  of  software,  reliability  is  generally 
associated  with  correctness.  Robustness,  or  the  ability  to  function 
appropriately  in  a bad  environment,  e.g.  when  receiving  incorrect 
data,  is  sometimes  included  in  reliability.  The  following  definition 
is  from  a TRW  study  on  software  quality  by  Boehm,  et  al: 

"Software  possesses  the  diaracteristic  reliability  to  the  extent 
that  it  can  be  expected  to  perform  it's  intended  function 
satisfactorily . " 

(2)  Testability  - It  is  important  tliat  the  reliability  of  a program 
can  be  ascertained  before  it  is  put  to  use.  There  are  two  approaches 
to  tliis  task:  verification  and  testing. 

Verification  uses  formal  or  informal  methods  to  prove  or  demonstrate 
that  a program  accurately  implements  its  specifications.  The  major 
problem  with  verification,  apart  from  developing  a verification 
metliod,  is  that  the  specifications  themselves  may  not  be  appropriate. 

Testing  procedures  nay  be  divided  into  two  categories.  Exhaustive 
testing  requires  that  all  possibilities  be  exercised.  This  is  almost 
always  an  impossible  task.  The  other  testing  procedure  involves 
selective  exercise  of  the  program.  One  such  tedmque  (22)  requires 
exercising  each  branch  of  the  flew  chart  and  each  path  emanating  from 
a decision  statement.  Whatever  the  specifics  of  the  method  nay  be,  it 
is  clear  that  the  structural  complexity  of  the  program  will  affect  the 
ease  of  testing  the  program. 

The  following  definition  of  testability  is  from  the  TFW  study  on 
software  quality  by  Boehm,  et  al: 

"A  software  product  possesses  the  characteristic  testability  to 
the  extent  that  it  facilitates  the  establishment  of  acceptance 
criteria  and  supports  evaluation  of  its  performance." 

(3)  Maintainability  - A software  product  is  not  a static  object.  It 
must  be  changed  due  to  dianges  in  its  application,  changes  of  the 
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operating  system  and  computer  hardware  configuration  viiich  determine 
its  environment,  and  the  correction  of  bugs  which  are  discovered  in  it 
during  its  use.  Maintainability  is  a measure  of  the  ease  with  vhich 
this  can  be  accomplished.  The  following  definition  of  maintainability 
is  taken  from  the  TFW  report  by  Boehm,  et  al: 

"A  software  product  possesses  the  characteristic  mainta i nahllity 
to  the  extent  that  it  facilitates  updating  to'  satisfy  new 
requirements." 

(4)  Portability  - Great  amounts  of  money  are  spent  to  modify  large 
volumes  of  software  which  have  been  designed  to  run  on  one  system  so 
that  they  will  run  on  another  system.  Even  software  written  in 
so-called  universal,  high-level  languages  often  cannot  be  transferred 
directly  from  one  system  to  another.  Portability  is  a measure  of  the 
ease  with  which  such  a transfer  can  be  made. 

The  following  definition  of  portability  is  from  the  same  report  by 
Boehm,  et  al: 

"A  software  product  possesses  the  characteristic  portability  to 
the  extent  that  it  can  be  operated  easily  and  well  on  computer 
configurations  other  than  its  current  one." 

These  are  not  the  only  software  quality  components  which  have  been 
recognized  but  are  the  ones  of  interest  in  this  report  because  of  the 
specific  applications  which  motivate  this  work. 


— Measurement  of  Software  Quality 

Methods  for  measuring  software  quality  fall  into  two  categories: 
dynamic  and  static. 

Etynamic  measurement  requires  running  the  program  and/or  performing  the 
activity  associated  with  the  component  of  quality  being  measured,  e.g. 
running  the  program  on  various  systems  in  order  to  measure  its 
portability.  The  components  of  quality  can  be  measured  directly  by 
dynamic  measurement. 

Static  measurement  is  performed  by  examining  the  pregram  code,  or  some 
other  product  of  the  software  production  process,  which  reflects  Idle 
software  design  and  implementation.  Static  measurement  does  not  permit 
direct  measurement  of  the  quality  components;  instead,  certain 
software  characteristics  are  measured  frem  which  information  about  the 
quality  conponents  must  be  inferred.  Advantages  of  static  measurement 
are  that  it  is  generally  simpler  and  more  economical.  The  chief 
advantage,  however,  is  that  knowledge  of  the  software  characteristics 
that  result  in  liigh  quality  serves  as  guidelines  for  the  design  of 
quality  software. 
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_3._1._3  Software  Characteristics 

Boehm,  et  al  in  the  TRW  report  on  software  quality  investigate  the 
software  quality  components  and  related  software  characteristics.  They 
define  a set  of  software  characteristics  which  are  related  to  each 
other  by  the  characteristics'  tree  shown  in  Fig.  3.1.  The  software 
characteristics  include  the  software  quality  components,  which  are 
located  in  the  various  upper  and  intermediate  levels,  and  the  software 
characteristics  which  are  directly  measurable  by  static  methods.  The 
measurable  characteristics  are  located  on  the  lowest  level  of  the  tree 
and  are  referred  to  as  primitive  characteristics.  The  characteristics 
on  each  level  are  selected  so  as  to  be  independent  of  each  other.  The 
brancnes  of  tlie  tree  shew  the  relationships  between  the  various 
characteristics.  Associated  with  each  primitive  characteristic  is  a 
metric  which  defines  a measurement  scale  for  the  characteristic. 


3.2  Software 


Model 


For  the  purposes  of  this  study  a somewhat  simpler  software  quality 
model,  the  three  level  structure  of  Fig.  3.2,  is  adequate.  Each  level 
consists  of  elements  which  are  qualitatively  different  from  the 
elements  on  the  other  levels. 


3. 2.1  Software 


Factors 


The  lowest  level  software  characteristics  correspond  to  the  primitive 
characteristics  of  the  Bonlim  report.  In  this  study  they  are  called 
software  quality  factors  (SQF's)  because  they  affect  the  software 
quality  but  are  not  components  of  it.  These  are  the  software 
characteristics  which  are  directly  measurable  by  static  methods. 

Associated  with  each  software  quality  factor  is  a metric  which  defines 
a scale  of  measurement  for  the  factor.  The  numerical  value  of  a 
metric,  derived  from  measurements  made  on  a software  product,  is  a 
measure  of  the  extent  to  which  the  software  procuct  possesses  the 
associated  quality  factor.  Selection  of  a set  of  software  quality 
factors  should  include  as  wide  a range  of  factors  as  feasible  so  that 
no  relevant  information  is  omitted;  it  is  not  necessary  that  these 
factors  be  independent.  Hie  set  of  factors  will,  in  practice,  be 
limited  by  the  problems  of  measuring  them. 


3.2.2  Software 


Parameters 


Hie  intermediate  characteristics  are  the  components  of  software 
quality.  In  this  study  they  are  called  software  quality  parameters 
(SQP's)  because  their  values  determine  tlio  overall  quality  of  a 
software  product. 

The  software  quality  parameters  are  directly  measurable  but  dynamic 
methods  most  be  used.  They  can  be  determined  by  static  measurement 
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only  if  the  relationships  between  them  and  the  values  of  the  software 
quality  factors  are  kncwn.  Part  of  this  project  involves  determining 
these  relationships  using  a regression  analysis  technique. 

The  selection  of  software  quality  parameters  depends  on  the 
application  and  requirements  of  the  software  user.  The  ones  shown  in 
Fig.  3.2  are  typical. 


_3.2_._3  Software  Quality  Index 

The  software  quality  index  (SQI)  is  a measure  of  overall  software 
quality.  A linear  ccnbination  of  the  software  quality  parameters 
provides  a simple  and  usable  formulation: 

i 

3QI  = l ai  SQPi  (3.1) 

i 

where  the  summation  is  over  all  software  quality  parameters  and  a£ 
is  the  weighting  factor  associated  with  the  i^1  software  quality 
parameter. 

The  values  of  the  weighting  factors  represent  the  subjective 
judgements  of  the  software  users  as  to  the  relative  importance 
associated  with  each  software  quality  parameter.  The  set  of  weighting 
factors  is  not  fixed,  but  must  change  to  reflect  the  varying  quality 
criteria  associated  with  different  applications,  environments,  and 
users.  This  formulation  for  the  software  quality  index  permits 
selection  of  a universal  set  of  software  quality  parameters  which 
includes  all  possible  parameters.  Die  weighting  factors  of  those 
software  quality  parameters  which  are  not  of  interest  for  a given 
application  are  assigned  values  of  zero,  effectively  eliminating  those 
parameters . 


4.0  SOFTWARE  DESIGN  METHODOLOGY  DESCRIPTION 

The  proposed  software  design  methodology  (SDM)  provides  an  approach  to  the 
earliest  phases  of  software  design,  tlie  conceptualization  of  the  program 
structure  required  to  solve  the  given  problem.  Some  sources  refer  to  this 
as  the  requirements  phase  (10)  and  consider  design  to  start  with  the 
programing  process.  Wliatcver  it  is  called,  there  is  no  question  that  this 
earliest  phase  lias  profound  impact  on  the  structure  of  the  resulting 
program;  if  it  is  done  poorly  there  is  no  hope  of  obtaining  quality 
software.  Tfiis  part  of  the  design  process  had  been  considered  by  many  to  be 
outside  the  realm  of  design  methodology , to  depend  solely  on  the  ingenuity 
and  experience  of  the  designer.  Tlie  proposed  methodology  does  not  provide 
an  automatic  process  for  generating  optimal  designs  but  it  does  provide  a 
structured  approach  to  this  activity. 
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4.1  Key  Concepts 

The  methodology  is  based  primarily  on  the  synergistic  union  of  two 
results  of  research  in  software  design:  the  concept  of  nested  virtual 
machines  and  the  concept  of  Hatching  program  structure  to  data 
structure. 


4_._1._1.  Nested  Virtual  Machines 

The  concept  of  nested  virtual  machines  was  first  introduced  by 
Dijkstra,  who  referred  to  it  by  the  term  "system  hierarchy",  in 
connection  with  the  design  of  the  @THE'  operating  system  (7).  The 
concept  was  also  used  by  Liskov  in  the  design  of  the  Venus  operating 
system  (18)  and  is  described  by  Denning  (5). 

A program  is  written  using  a set  of  high-level  instructions  or 
functions  which  are  defined  to  facilitate  writing  of  the  program. 
These  instructions  are  not,  in  general,  executable  on  any  machine  nor 
are  they  part  of  an  existing  programming  language.  They  are  called 
virtual  instructions  and  are  only  executable  an  a virtual  machine.  The 
next  step  is  to  write  a program  whic'  simulates  this  virtual  machine . 
This  program  is  written  using  somewhat  simpler  instructions  which  are 
also  virtual  instructions  executing  on  a second  virtual  machine , This 
process  is  repeated  iteratively  until  a set  of  instructions  are  used 
which  execute  on  the  machine  being  used  or  are  included  in  an 
established  language  for  this  machine.  The  hierarchy  of  virtual 
machines  is  the  set  of  nested  virtual  machines . The  highest  level  is 
the  one  on  which  the  high-level , virtual,  program  instructions  are 
executed;  the  lcwest  is  the  physical  machine,  possibly  together  with  a 
language  compiler. 


4_.1..2_  Matching  Program  Structure  to  Data  Structure 

The  idea  of  designing  a program  to  natch  the  data  structure  for  a 
system  is  presented  by  Jackson  (15)  while  Constantine  suggests  this  as 
one  of  the  guidelines  of  structured  design  (28).  The  concept  of 
matching  program  structure  to  data  structure  is  due  to  Jackson  virile 
tire  graphical  teclinique  used  in  the  development  process  is  related  to 
work  on  data  structures  by  barley  (9),  Earley's  technique  is  modified 
and  extended  for  the  purposes  of  this  methodology. 

The.  program  is  designed  by  means  of  a sequence  of  step-wise 
refinements  of  the  data  structures.  Associated  with  each  refinement  of 
tire  data  structure  is  a set  of  program  operations  which  corresponds  to 
one  level  of  the  nested  virtual  machines.  The  topwnost  level 
corresponds  to. the  initial  and  least  refined  presentation  of  the  data 
structures  while  the  lcwest  level  corresponds  to  the  final,  most 
refined  presentation  of  the  data  structures. 
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4._2  Maior  Attributes 

The  concepts  embodied  in  the  software  design  methodology  impose 
certain  limitations  on  the  methodology  and  also  provide  it  with 
characteristics  that  generate  software  which  satisfies  certain  quality 
criteria.  These  attributes  of  the  methodology  are  discussed  in  the 
following  paragraphs. 


4_._2._1  Reliability 

The  reliability  of  software  produced  using  the  proposed  methodology  is 
enhanced  indirectly  by  enhancement  of  another  software  quality 
parameter,  code  reusability.  Code  reusability  refers  to  the 
suitability  of  using  the  same  code  in  numerous  programs.  This  factor 
increases  reliability  because  the  greater  the  usage  of  a block  of 
code,  the  more  likely  it  is  that  bugs  will  be  detected  and  corrected. 
The  same  factor  also  increases  design  efficiency  because  blocks  of 
code  that  have  already  been  written  can  be  used  in  new  programs. 

Tlie  nested  virtual  machine  concept  results  in  modularization  of 
programs  into  virtual  instructions.  The  designer,  since  he  is 
considering  the  design  of  language  instructions  (as  opposed  to  a 
function  for  a single  application) , is  prone  to  generalize  the 
functions  lie  defines  so  they  have  broad  usefulness.  The  liighest  level 
instructions  are  most  specific  while  the  lcwest  level  instructions  are 
broadest  in  their  application.  Intermediate  instructions  can  be 
defined  and  grouped  so  as  to  form  languages  which  support  different 
application  areas.  In  military  applications,  for  example,  there  might 
be  one  intermediate  level  language  for  command  and  control,  another 
for  procurement  purposes , and  another  for  general  accounting 
applications.  This  attribute  satisfies  the  criteria  called  for  by 
Dews on  (8)  with  respect  to  reusable  code,  specifically  that  programs 
consist  of  relatively  independent,  identifiable,  functionally  oriented 
modules  which  can  be  isolated.  These  same  considerations  suit  the 
proposed  methodology  to  the  design  of  program  families  as  discussed  by 
Pam  as  (23). 


I 

I 
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4_._2. 2*  Testability 

Modularization  into  virtual  instructions,  in  addition  to  providing 
code  reusability,  also  results  in  enhanced  testability.  In  dividing 
programs  into  virtual  instructions,  which  are  then  further  subdivided, 
the  program  is  separated  into  small  units  which  can  be  isolated, 
specified  very  j precisely,  and  coded.  Hie  functional  isolation  and 
compactness  of  each  unit  lends  itself  to  writing  precise  requirements 
specifications  using  a language  designed  for  this  purpose  (10),  to 
writing  the  design  specifications  using  an  appropriate  language  (4, 
14,  21,  25),  the  use  of  sophisticated  mathematical  approaches  to 

insure  correct  interfaces  (12),  and  to  the  use  of  verification 
methods(17,  21,  26).  Tnis  use  of  various  tecliniques  in  conjunction 

with  the  projiosed  SDH  illustrates  their  complementary  nature.  SDM  is 
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not  a substitute  for  these  methods,  but  a methodology  to  be  used  at  an 
earlier  stage  of  design  for  guidance  in  areas  not  addressed  by  these 
methods . 


4_._2.3_  Maintainability 

The  modularization  into  relatively  isolated  instructions  enhances 
maintainability  because  changes  which  must  ba  made  can  be  isolated  to 
a few  distinct  routines  which  need  not  affect  other  routines. 


4_.2_.4_  Ftort ability 

Portability  is  enhanced  because  only  the  implementation  of  the  lowest 
level  virtual  language  need  be  changed  when  the  software  is  moved  to  a 
new  system.  All  the  higher  level  languages  remain  the  same.  This  same 
feature  permits  various  kinds  of  implementations.  For  example,  it  jnay 
be  reasonable  to  directly  implement  an  intermediate  level  language  on 
a microprogrammable  computer.  Thus,  the  nested  virtual  machine  concept 
offers  great  flexibility  in  terms  of  varying  implementations.  This 
will  be  well  suited  for  use  with  future  machines  utilizing  firmware 
and/or  hardware  modules  to  implement  some  of  the  functions  currently 
being  performed  by  software. 


4_.  2^J5  Top-Down  Design 


There  is  widespread  agreement  that  certain  design  and  programming 
approaches  tend  to  result  in  high-quality  software.  In  a study  of 
software  certification,  Keirstead(16)  lists  a number  of  these, 
including  thd  top-dcwn  approach.  The  top-down  approach  implies  that 
the  designer  considers  the  overall  problem,  designs  the  main  program 
which  serves  primarily  to  invoke  subroutines  to  perform  the  program, 
functions,  and  then  performs  the  detailed  design  of  these  subroutines. 
This  is  in  contrast  to  the  bottom-up  approach  in  which  the  individual 
functions  are  programmed  first.  Their  integration  into  a single 
program  commences  when  the  individual  subroutines  have  been  completed 
and  tested. 

The  proposed  software  design  methodology  is  clearly  a top-down 
approach  starting,  as  it  does,  with  the  overview  of  the  entire  problem 
and  gradually  reaching  greater  refinements  of  all  its  parts.  Use  of  a 
pure  top-dcwn  approach  is  generally  not  optimal.  As  Gill  (1)  points 
out,  a oombination  of  top-dcwn  and  bottom-up  techniques , with  greater 
emphasis  on  the  top-dcwn  approach  is  generally  best.  The  bottom-up 
technique  is  used  iteratively  with  the  top-down  approach  to  globally 
optimize  the  design  achieved  using  the  sequence  of  stepwise 
refinemei  ts  of  the  data  structures. 


, • , , 
4.2.6  Functional  Decomposition 
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Functional  decomposition  is  another  approach  that  Keirstead  cites  as 
being  associated  with  tlie  production  of  high-quality  software.  Liskov 
anu  Zille's  data  abstractions  (19,  20)  and  Pamas'  information  hiding 
modules  (1)  are  similar  concepts.  The  idea  is  that  all  operations 
related  to  an  object  (such  as  a data  file)  are  handled  by  one  routine 
so  that  any  changes  in  the  object  impact  only  on  the  one  routine. 
Sometimes  the  operations  on  the  object  are  performed  by  a few  routines 
instead  of  a single  one  but  the  essentials  of  the  ooncept  remain  the 
same.  The  proposed  design  methodology  procedures  tend  to  result  in 
such  a functional  decomposition. 


4.2.7  Teachabilit 


Dijkstra  (1,6)  comments  on  the  need  to  be  able  to  teach  programing 
methodologies  in  as  explicit  a manner  as  possible.  The  proposed 
software  design  methodology  is  sufficiently  structured  so  that  it  can 
be  taught  and  students  can  use  it  to  direct  their  design  activities. 


?e  Independence 


Flow-charting  is  a classical  approach  to  program  design.  People  have 
found  a number  of  faults  in  this  approach.  One  of  these  faults  is  the 
language  dependency  of  flcv.  charts j the  level  of  detail  of  the  flow 
diart  is  generally  quite  different  for  an  assembly  language  program 
than  that  for  a high-level  language.  Tliere  may  even  be  differences  in 
the  flew  chart  which  depend  cn  the  choice  of  high-level  language. 


The  proposed  software  design  methodology,  since  it  is  based  on  data 
flow  and  function,  rather  than  implementation  is  not  subject  to  this 
problem.  If  anything,  it  can  be  criticized  for  not  providing 
sufficient  information  about  the  program  functionality  which 
determines  the  implementation.  The  graphical  technique  used  in  this 
methodology,  like  HIPO  charts  (13,  14),  is  dependent  on  notes  for 
detailed  functional  information.  The  notes  are  keyed  to  labels 
oontained  in  the  graphs.  This  approach  provides  the  advantage  of 
permitting  the  use  of  an  appropriate  narrative  form  for  these  notes; 
it  might  be  a mathematical  formalism  or  simply  Bnglish  language  that 
is  used. 


Another  shortcoming  of  flew  charts  is  the  fact  that  a flaw  chart  shows 
the  program  as  a sequence  of  o] aerations.  Sometimes  it  is  necessary 
that  operations  be  done  in  the  sequence  shown;  at  other  times, 
however,  the  sequence  is  arbitrary.  Careful  analysis  of  the  flow  chart 
is  required  to  determine  which  case  holds  in  a particular  instance.  As 
a consequence  of  this,  flew  charts  are  not  well  suited  to 
multiprocessor  computer  systems, 


The  proposed  methodology  eliminates  this  problem  because  the  graphical 
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technique  used  depxcts  data  flew  rather  than  a time  sequence  of 
operations.  The  only  sequences  implied  by  this  technique  are  those 
innerent  in  defining  the  value  of  a datum  before  it  is  used,  Thus,  the 
method  is  ideally  suited  for  multiprocessor  configurations. 


4. 2. 10  Dependence  on  Data  Structure 

The  major  contribution  of  this  method  is  that  it  provides  a procedure 
for  arriving  at  a design  for  a program  structure.  Clearly,  there  must 
be  some  input  to  guide  the  designer.  This  input  is  the  set  of  data 
structures  for  the  application. 

Frequently,  this  information  is  given,  either  explicitly  or 
implicitly,  by  the  problem  statement  or  the  environment  in  which  the 
system  is  to  operate.  When  this  is  the  case,  the  designer  should  have 
little  difficulty  in  apply ing  the  method.  Furthermore,  different 
designers  should  arrive  at  substantially  similar  results,  thus 
increasing  the  uniformity  of  software  production. 

Tie  method  does  not  insure  the  same  level  of  uniformity  when  the  data 
structures  are  not  given.  In  that  case,  the  designer  must  establish 
the  data  structure,  which  will  then  determine  a program  structure. 
Even  in  this  case  the  method  is  useful  because  it  provides  a sequence 
of  steps  Which  leads  the  designer  to  develop  the  data  structures  in  a 
reasonable  way  using  a top-down  approach.  Moreover,  it  is  hypothesized 
that  the  data  structures  developed  by  different  designers  for  a given 
problem  would  tend  to  be  more  similar  to  each  other  than  would  be 
their  functional  approaches  to  the  problem  solution. 

4.2.11  levels  of  Availability 

This  is  a new  concept  introduced  to  permit  the  designer  to  handle  the 
physical  implementations  of  the  data  which  the  software  is  designed  to 
process.  A number  of  techniques,  such  as  data  abstraction  and 
information  hiding  modules,  have  been  proposed  to  avoid  the  detailed 
software  design  considerations  associated  with  the  physical 
implementation  of  a system,  especially  those  related  to  data  storage, 
until  tiie  latter  stages  of  implementation.  The  intent  of  these 
tediniques  is  to  convert  the  physical  data  format  into  a logical 
format  using  one  module.  The  remainder  of  the  program  need  not  be 
concerned  with  the  physical  details  but  can  treat  the  data  as  logical 
elements . 

Tills  approach  is  very  fine  as  far  as  it  goe3  but  it  doesn't  address 
the  very  real  problem  of  handling  the  physical  forms  of  the  data; 
problems  of  timing,  accessing,  etc.  The  concept  of  levels  of 
availability  is  an  attempt  to  solve  this  difficulty.  It  proposes  that 
a class  of  storage  devices,  with  their  associated  media,  be  modelled 
by  an  abstract  model,  called  a "level  of  availability",  which  will  be 
characterized  by  access  modes  and  times,  data  block  sizes,  etc.  The 
more  readily  'the  data  is  available  for  program  processing,  the  higher 
the  level  ox  availability;  the  highest  level  is  one  and  lower  levels 
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are  assigned  successively  liigher  numbers.  Thus,  rain  memory  is 
g&  --  Hy  level  1.  For  a particular  system,  magnetic  disks  might  be 
level  2,  magnetic  tapes  might  be  level  3,  punched  card  I/O  would  be 
level  4,  and  line  printer  level  5.  The  assignments  of  levels  would  be 
different  for  different  systems  and  even  for  different  applications  on 
the  same  system.  The  level  assignments  reflect  a combination  of  both 
the  physical  characteristics  of  the  device  and  the  logical  function  it 
is  serving  in  the  system. 


5_.£  Methodology 

The  proposed  software  design  methodology  (SDM)  consists  of  nine  procedures. 
Much  of  the  design  is  accomplished  using  a sequence  of  directed  graplis 
called  program  development  charts , or  simply  charts  or  graphs  when  it  is 
clear  that  it  is  actually  the  development  charts  that  are  being  referred 
to.  The  key  to  the  method  is  that  the  functional  decomposition  and  design 
of  the  jrogram  is  "driven"  by  the  data  structures  which  the  program  is  to 
process . 


5.1^  Development  Charts 

The  program  development  cliart  (PDC)  is  a directed  graph  in  which  the 
nodes  represent  data  elements  and  the  edges  represent  program 
operations  and  data  flow. 


_5.1_._1  Nodes 

The  data  elements  represented  by  the  nodes  nay  correspond  to  any  level 
of  data  aggregate  from  the  set  of  all  input  or  output  data  files  down 
to  the  value  of  a single  scalar  variable.  The  nodes  are  labelled  with 
an  identifier  for  the  data  element. 

TWo  types  of  nodes  are  used  in  the  graphs.  A circle  represents  a 
logical  data  element  which  can  be  directly  processed  by the  computer 
or  central  processing  unit.  A small  square  represents  a physical  data 
element  which  is  input  to  or  output  from  the  computer.  It  cannot  be 
directly  processed  by  the  central  processing  unit.  Where  appropriate, 
the  level  of  availability  of  these  nodes  ray  be  indicated  by  placing 
the  appropriate  number  inside  the  square. 


5_.  1. 2 Edges 

Edges  of  the  graph  are  represented  by  lines  with  arrowheads . These 
represent  program  operations,  including  input  and  output,  and  data 
flew.  The  program  development  charts  display  data  structures  as  well 
as  data  flew.  Solid  lines  are  used  to  shew  data  flew  and  the 


cor. bination  of  data  through  program  operations.  Broken  lines  are  used 
to  show  components  of  a larger  data  structure.  Thus,  the  brbken  lines 
coiauspond  to  the  edges  used  by  Earley  (9)  in  describing  data 
structures.  The  process  of  selecting  a portion  of  a data  structure  can 
be  considered  as  a simple  program  operation  so  that  the  broken 
"selector"  edge  is  a special  case  of  the  solid  edge.  The  operation 
indicated  by  the  broken  edge  is  referred  to  as  a selection  process. 


jj.  2_  Procedures 

The  software  design  methodology  is  best  described  by  means  of  a simple 
illustration.  The  example  used  is  a simple  payroll  application.  The 
program  is  to  provide  two  output  files: 

(1)  REPORT(Rpt)-  contains  the  name,  social  security  number,  gross 
pay,  federal  withholding  tax,  PICA  withholding,  and  net  pay  for 
trie  payroll  period  for  each  employee  plus  appropriate  heading  and 
trailer  information. 

(2)  HEW  MSTER  FILE(NMF)-  contains  social _ security  number,  name, 
address,  telephone  number,  birth  date,  hourly  wage,  year-to-date 
gross  pay,  year-to-date  federal  withholding  tax,  year-to-date 

t FTCA  withholding,  and  year-to-date  net  pay  plus  appropriate 
header  and  trailer  information. 

The  input  to  the  program  consists  of  two  files: 

* (1)  TRA^ACTIONS(Tms)-  contains  social  security  number,  date, 
and  number  of  hours  worked  for  pay  period  for  each  person  who 
worked  during  pay  period.  This  file  also  contains  a header  card 
j/ith  the  date  and  payroll  file  identification. 

(2)  OLD  MASTER  FIL£( OMF)-  contains  same  information  as  new  master 
file  prior  to  update. 

The  designer  is  to  complete  specification  of  the  data  files  and  is  to 
design  the  program  to  implement  the  system.  The  transaction  input  file 
is  a punched  card  file,  the  report  file  is  output  on  a line  printer, 
. and  the  master  files  are  on  magnetic  tape. 

Tlie  software  design  methodology  consists  of  nine  phases,  called 
procedures,  which  are  described  below. 


5_._2.2_  -iiitial  Program  Development  Chart 

The  software  design  methodology  starts  with  the  drawing  of  the  initial 
program  development  chart.  This  graph  is  almost  universal.  In  most 
cases  it  takes  the  form  shown  in  Figure  5.1  which  simply  indicates 
that  a program  is  to  be  designed  which  transforms  input  data  into 
output  data.'  The  graph  also  indicates  that  the  input  and  output  are  in 
some  physical  format  but  it  does  not  indicate  anything  about  the  form, 
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the  format  of  the  data,  or  any  other  details. 

The  particular  graph  of  Figure  5.1  together  with  some  trivial 
variations  of  it  (possibly  a graph  with  no  input)  account  for  the  vast 
majority  of  all  software  systems.  Thus,  even  the  novice  designer  would 
have  little  difficulty  with  this  procedure. 


_5.2_.2_  Second  Level  Program  Development  Chart 

The  second  level  program  development  chart  is  a refinement  of  the 
first  level  program  development  chart.  It  is  obtained  from  the  first 
level  chart  using  the  following  rule. 

bach  of  the  data  elements  in  the  top-level  (initial)  program 
development  chain:  is  subdivided  into  components  which  are  both 
functionally  and  physically  distinct. 

The  objective  of  this  rule  is  to  identify  the  major  functional  files 
which  the  program  is  to  process.  The  requirement  that  they  be 
physically  distinct  enables  even  the  novice  designer  to  make  the 
required  distinctions.  The  added  requirement  that  the  data  elements 
also  be  functionally  distinct  is  intended  to  avoid  separating 
nulti-volume  files  into  separate  data  elements. 

The  second-level  program  development  chart  for  the  payroll  example  is 
shewn  in  Figure  5.2.  It  shows  the  components  of  the  original  data 
elements  connected  to  the  original  data  elonents  by  broken  lines, 
indicating  a selection  process.  It  also  indicates  the  flow  of  data 
between  the  input  and  output  components  by  solid  lines.  The  drawing  of 
these  solid  lines  represents  functional  analysis  in  that  the  designer 
must  determine  which  output  depends  on  which  input. 

There  is  little  room  for  variation  in  the  second-level  graph.  For  the 
payroll  example,  any  designer  with  a correct  understanding  of  the 
problem  would  have  to  arrive  at  a graph  equivalent  to  the  one  of 
Figure  5.2. 

The  components  of  the  original  data  elements  are  shewn  as  squares  to 
indicate  thay  are  distinct  physical  quantities.  Beyond  this,  however, 
there  is  no  more  information  concerning  the  data  elements. 


5_.2_.3_  Third- Level  Program  Development  Chart 

The  third-level  program  development  chart  is  obtained  from  the 
second- level  chart  by  means  of  the  following  rule: 

bach  of  the  data  elements  in  the  second-level  program  development 
chart  is  subdivided  into  its  major  functional  components  using 
data  format  as  a guide. 

t 

This  chart  is  the  point  at  which  the  designer  generally  has  to  start 


making  design  decisions  concerning  the  broad  structure  of  the  data 
files.  An  often  used  pattern  is  header-body- trailer . One 
now-functional  guideline  the  designer  may  use  in  determining  whether 
two  parts  of  a file  are  distinct  major  functional  entities  is  whether 
the  data  formats  could  be  the  same.  In  general,  there  is  no  way  in 
which  the  header  Information  could  be  put  in  the  same  format  as  a 
transaction  record.  Note  that  this  guideline  does  not  require  that  the 
formats  be  set  but  merely  that  possible  formats  be  considered. 

The  third- level  chart  need  rot  shew  the  initial  data  elements,  i.e. 
the  "Input"  and  "Output"  elements  of  the  top-level  chart,  because  the 
relationship  between  these  and  their  major  components  is  shown  in  the 
second-level  chart.  It  is  only  necessary  to  show  the  relationship 
between  the  components  of  the  second-level  chart  and  the  newly 
introduced  components  in  the  third-level  chart. 

The  third-level  program  development  chart  for  the  payroll  example  is 
shown  in  Figure  5.3.  There  are  four  general  points  that  should  be 
noted: 

(1)  The  graph  illustrates  the  normal  data  flow.  Unusual 
conditions  nay  result  in  a rather  different  graph.  For  ■ example, 
in  the  payroll  example,  the  file  identification  on  the 
transaction  header  card  is  compared  with  the  file  identification 
in  the  old  raster  file  header  record.  If  they  don't  agree,  the 
program  is  aborted  with  an  appropriate  error  massage  to  the 
report.  This  nay  be  shown  by  a bastardized  chart  such  as  that  of. 
Figure  5.4  or  it  may  be  emitted  fran  the  program  development 
charts,  noted,  and  incorporated  at  a later  stage  in  the  program 
design.  In  general,  if  the  unusual  condition  is  not  difficult  to 
detect  and/or  handle,  it  is  best  emitted  from  consideration  in 
the  program  development  charts  although  a note  should  be  made  so 
that  it  will  not  be  overlooked  entirely.  These  approaches  are 
applicable  to  any  level  program  development  chart. 

(2)  In  creating  Hie  program  development  charts,  the  designer  must 
envision  the  solid  lines  as  representing  data  flow.  An  attempt  to 
consider  these  lines  as  program  functions  at  this  point  confuses 
the  process  because  it  defeats  the  purpose  of  the  method  which  is 
to  separate  the  designer's  concerns  and  problems.  Hie  program 
function  interpretation  is  implemented  in  a subsequent  procedure 
of  the  methodology. 

(3)  Hie  designer  does  liave  to  consider  the  functional  aspects  of 
the  program  at  this  time  in  order  to  construct  the  solid  lines 
which  depict  thw  data  flew.  In  Figure  5.3,  for  example,  there  is 
an  edge  from  RBD  (report  body)  to  NUD  (new  master  file  body). 
This  reflects  the  decision  by  the  designer  to  use  some  of  the 
results  computed  for  the  report  in  the  new  raster  file  rather 
than  recomputing  Hie  results  from  the  original  input  data. 

In  some  designs  thi3  third- level  program  development  chart 
beoones  quite  complex  and  is  more  easily  depicted  by  a set  of 
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overlays  as  shewn  in  Figure  5.5.  The  overlays  are  partial  charts 
which  can  best  be  thought  of  as  a set  of  overlay  transparencies, 
which  when  super imposed  produce  the  complete  program  development 
chart.  (For  convenience  in  actual  practice,  the  various  parts  of 
the  chart  are  not  always  drawn  to  provide  actual  physical 
registration  as  would  be  required  for  a real  set  of  transparency 
overlays . ) This  overlay  concept  can  be  applied  to  any  level 
program  development  chart.  The  only  rule  that  should  be  followed 
in  producing  a set  of  overlay  program  development  charts  is  the 
following : 

For  every  node  shewn  on  an  overlay  development  chart,  either 
all- of  its  inputs  or  none  of  its  inputs  should  be  shown. 
Since  there  is,  in  general,  nothing  to  be  gained  by  showing 
the  inputs  more  than  once,  the  inputs  to  each  rode  will 
generally  be  shewn  on  one,  and  only  one,  of  a set  of  overlay 
program  development  charts. 

The  reason  for  this  rule  is  based  eti  the  program  function 
interpretation  of  the  charts.  It  essentially  insures  that  all 
inputs  to  a function  are  shewn  on  one  overlay  which  facilitates 
the  assignment  of  program  functionality.  The  only  other  guidance 
for  the  preparation  of  the  overlays  is  that,  since  their  purpose 
is  to  provide  a clear  presentation,  an  excessive  number  of 
crossing  lines  on  a single  overlay  should  be  avoided.  If  shewing 
an  element  on  an  overlay  does  not  enhance  the  clarity  of  the 
overall  set  of  overlays  it  should  be  omitted.  Each  element,  must 
of  course,  be  shown  on  at  least  one  overlay. 

(4)  The  newly  introduced  data  components  in  the  third- level 
program  development  chart  are  logical  elements  since  they  form 
groups  of  components , each  (group)  of  which  corresponds  to  a 
single  physical  element.  From  this  point  on,  until  the  designer 
returns  to  the  task  of  refining  the  handling  of  physical  data 
(Section  5.2.9),  all  data  is  in  logical  form. 


_5.2_.4_  Refinement  of  Data  Structures 

■Eds  procedure  consists  of  step-wise  refinements  of  the  data 
structures  by  reductions  of  these  structures  into  simpler  components. 
Examples  of  this  are  reduction  of  an  n-dimensional  array  into  a set  of 
(i>-1) -dimensional  arrays  and  the  division  of  a reoord  into  its 
component  fields.  This  process  is  repeated  iteratively  until  each  data 
element  has  been  reduced  to  simplest  possible  form  or  to  a form  which 
can  be  appropriately  processed  by  an  already  existing  function.  This 
process  generally  requires  a sequence  of  program  development  charts. 
In  addition  to  separating  these  charts  into  sets  of  overlays,  they  can 
also  be  segmented  as  parts  of  a single  chart  which  has  been  cut  up  to 
into  smaller  size  sheets.  The  paths  used  for  cutting  should  not  be 
arbitrary  but  should  follcw  paths  which  are  least  disruptive  to  the 
clarity  of  t)ie  presentation  of  the  charts.  This  is  generally  achieved 
by  cutting  along,  paths  which  are  straight  lines  and  Which  cross  a 


minimal  number  of  edges.  It  is  often  'useful  to  duplicate  certain 
portions  of  the  chart  which  are  near  the  boundaries  to  facilitate 
understanding  of  the  charts.  The  resulting  segmented  charts  are  very 
much  like  a map  which  is  presented  on  multiple  pages.  A representation 
of  possible  levels,  overlay  sets,  and  segme* ted  charts  is  shown  in 
Figure  5.6.  This  structuring  of  a sequence  of  program  development 
charts  is  similar  to  the  organization  of  HIPO  Charts  (13). 

Generally,  only  the  lowest  level  data  elements  of  a program 
development  diart  are  shewn  on  the  next  lower-level  chart.  This 
results  in  a simpler  chart  and  does  not  eliminate  any  information 
which  would  not  be  redundant.  If  a higher-level  data  element  enters 
directly  into  the  data  flew  depicted  cn  a given  chart,  it  is  treated 
as  an  exception  to  this  principle  aid  shown  for  the  sake  of  clarity. 

Figure  5.7  shows  the  fourth-level  program  development  chart  for  the 
payroll  example  divided  into  three  segments.  Part  (a)  of  the  figure 
indicates  that  both  the  transaction  header  (DID)  and  old  master  file 
header  (CUD)  consist  of  two  elements:  the  identifications  (TID  and 
OID)  aid  dates  (TDT  and  ODD , Both  identifications  should  be  the  same 
in  which  case  their  value  becomes  the  report  header  identification 
(RID)  and  new  master  file  header  identification  (NID).  If  the 
identification  in  the  transaction  file  is  not  the  same  as  that  in  the 
old  master  file,  the  program  is  aborted  after  printing  an  error 
message.  The  transaction  file  date  is  checked  to  insure  that  it 
follows  the  old  master  file  date;  if  it  does  it  becomes  the  report 
date  (RDT)  and  the  new  naster  file  date  (NOT) . If  the  dates  are  not 
sequenced  properly  an  appropriate  message  is  printed  and  the  program 
is  aborted.  This  same  figure  also  indicates  that  the  report 
identification  (RID)  and  date  (RDT)  are  transferred  directly  to  the 
new  master  file.  This  is  different  from  Figure  5.5  which  shews  the 
input  to  the  new  master  file  header  (NHD)  from  transaction  header 
(HID)  and  old  master  file  lieader  (01JD).  The  discrepancy  is  due  to  the 
designer's  realization  tliat  the  method  in  Figure  5,7  is  simpler. 
Figure  5.5  should  be  changed  during  the  subsequent  global  optimization 
procedure  to  reflect  this. 

Part  (b)  of  Figure  5.7  depicts  the  processing  of  a single  transaction 
to  produce  a line  of  the  rejxirt  and  a record  in  the  new  master  file. 
Hie  two  edges  labelled  SFL  both  represent  the  operation  of  selecting  a 
single  record  from  a one-dimensional  array  of  records  while  both  edges 
labelled  INC  represent  the  operation  of  incorporating  a record  into  a 
one  dimensional  array. 

The  two  edge 5 labelled  CMPl.l  and  CMP1.2  represent  the  operations 
required  to  compute  an  output  line  (LN)  for  the  report  while  the  two 
edges  labelled  SMRY1.1  and  3MRY1.2  represent  the  operation  required  to 
generate  the  corresponding  sum, nary  record  for  the  new  master  file 
(NRD).  In  addition  to  this  normal  situation,  the  functions  CMP1  and 
91RY1  mist  handle  missing  transactions  due  to  absence  and  missing 
master  file,  records  due  to  new  employees  who  have  not,  by  error,  been 
entered  onto  the  master  file.  The  detailed  representation  of  the 
required  processing  would  appear  in  more  detailed  program  development 
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charts;  the  fourth- level  chart  remains  as  shown  in  Figure  5.7(b). 

Part  (c)  of  Figure  5.7  depicts  the  data  flow  required  to  generate  the 
report  trailer  (KTR).  It  indicates  that  the  report  trailer  consists  of 
three  values:  the  number  of  absent  employees  (ABS),  the  number  of  new 
enployees  not  yet  entered  into  the  master  file  (NEW) , and  the  error 
(ERR),  if  any,  in  the  old  master  file  trailer  tally  as  compared  with 
the  actual  number  of  records  in  the  file. 

There  is  no  fourth- level  program  development  chart  segment  for  the  new 
master  file  trailer  because  the  third- level  chart  shews  it  in  simplest 
form.  The  new  master  file  trailer  consists  of  a tally  which  is  equal 
to  the  number  of  records  written  into  it  and,  in  addition,  it  contains 
the  old  master  file  tally. 

All  the  data  elements  in  Figure  5.7,  except  those  in  part  (b)  are 
atomic  data  elements,  i.e.  data  elements  which  cannot  be  reduced  any 
further  while  still  naintaining  their  identities.  Therefore  only  part 
(b)  can  be  refined  into  a fifth-level  program  development  chart. 

The  fifth-level  chart  is  shewn  in  Figure  5.8.  The  only  discrepancy 
between  it  and  the  preceding  graphs  is  that  FICA  is  oemputed 
differently.  Whereas  the  earlier  graphs  imply  that  new  year-to-date 
FICA  (NYFC)  is  computed  by  adding  the  current  FICA  to  old  year-to-date 
FICA  (OYFC),  tiiis  graph  depicts  computation  of  IhTC  from  FICA  followed 
by  computation  of  current  FICA  by  subtraction  of  OYFC  from  NYFC.  This 
discrepancy  is  the  result  of  a change  in  the  designer's  computational 
plan;  the  earlier  charts  should  be  changed  accordingly  during  the 
subsequent  optimization  process, 

The  data  element  EDI  (employee  date)  in  the  transaction  body  (TBD) 
record  appears  to  serve  no  function.  It  is  checked  against  report  date 
(RET)  (Figure  5.7)  and  if  the  dates  don't  match  the  transaction  is 
treated  an  if  it  were  absent  except  the  report  message  that  is  printed 
is  different.  This  does  not  shew  up  in  Figure  5,8  because  it  is  an 
unusual  situation  rather  than  the  normal  one. 

All  the  data  elements  in  Figure  5.8  are  atomic  elements;  therefore 
this  fifth-level  program  development  chart  completes  this  procedure. 
The  first  four  procedures  result  in  a top-dewn  design.  They  serve  to 
separate  and  isolate  the  designer's  concerns.  Consideration  of  the 
data  flew  lias  directed  the  designer's  attention  to  particular  small 
segments  of  the  functional  design  of  the  program.  The  payroll  example 
is  a very  simple  one.  Although  it  seems  almost  self  evident  that  the 
procedures  would  be  effective  for  a more  complex  system  as  well,  its 
effectiveness  for  a complex  system  should  be  tested.  The  design  for  an 
experimental  study  is  described  in  a subsequent  part  of  this  report. 


5.2^5.  Introduction  of  intermediate  Nodes 

Tiiis  procedure  introduces  additional  nodes  based  on  consideration  of 
the  pro gran  algorithms.  At  this  point  the  broad  functional 
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decomposition  of  the  program  has  been  achieved;  this  procedure 
provides  a detailed  functional  decomposition.  There  are  two  rules 
which  are  used  in  this  procedure. 

Intermediate  nodes  are  added  to  define  the  sequence  of 

mathematical  and  logical  operations. 

An  example  of  the  application  of  this  rule  is  shown  in  Figure  5.9(a). 
Tile  second  rule  is: 

Intermediate  nodes  are  added  to  eliminate  redundant  computations. 

The  application  of  this  rule  is  illustrated  in  Figure  5.9(b);  it 
corresponds  to  factoring  out  oonrron  expressions.  The  two  rules  are  not 
independent.  Tie  second  rule  may  be  treated  as  a special  case  of  the 
first  rule  but  tiie  consideration  of  isolating  common  elements  may 
alter  tiie  way  in  which  the  nodes  are  grouped.  Dais  process  will,  in 
general,  result  in  the  creation  of  additional  levels  of  program, 
development  charts.  Figure  5.10  illustrates  the  application  of  this 
procedure  to  part  of  the  payroll  problem.  Part  (a)  shews  the  original 
graph  while  part  (b)  corresponds  to  a refined  chart  in  which  the 
overtime  hours  (OVT)  are  multiplied  by  a factor  and  added  to  regular 
hours  (REG)  to  give  effective  lours  (DIR)  which  is  nultipiied  by  the 
rate  (ORT)  to  give  the  gross  salary  (GR). 


5.2.6  Global  Optimization 


An  iterative  approach  involving  a combination  of  top-down  and 
bottom-up  design  is  used  to  globally  optimize  the  sequence  of  program 
development  charts.  In  the  payroll  example  there  were  certain 
discrepancies  between  higher  and  lower  level  charts  resulting  f"om 
dianges  the  designer  decided  to  make  as  the  program  was  considered  in 
more  detail  at  the.  lower  levels.  These  discrepancies  are  resolved  at 
this  point  by  making  tiie  appropriate  dianges  in  the  liigher-level 
charts.  This  is  an  application  of  the  bottom-up  approach.  The 
designer,  before  going  onto  the  next  procedure,  reviews  the  complete 
set  of  charts  looking  for  areas  where  the  design  can  be  improved  and 
makes  tiie  necessary  modifications.  Care  must  be  taken  to  insure 
consistency  between  all  levels  when  making  changes. 


One  of  the  considerations  the  designer  should  have  in  mind  is  the 
possibility  of  modifying  certain  data  flows  so  that  the  same  function 
can  be  used  in  different  places.  Ibis  consideration  is  used  in 
subsequent  phases  as  well. 


The  descriptions  of  the  various  procedures  in  this  report,  of 
necessity,  must  be  presented  in  some  sequence.  While  the  sequence  of 
description  follows  the  usual  sequence  of  application  to  the  extent 
that  a sequence  of  application  exists,  the  application  of  these 
procedures  involves  iterative  combinations  in  which  the  various 
procedures  are  intermixed.  In  other  words,  a procedure  is  not 
initiated  and  completed  before  the  next  procedure  is  initiated; 
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rather,  procedure  A is  applied  but  not  finished,  then  procedure  B, 
then  C,  back  to  B,  then  C,  then  possibly  A,  and  so  on. 


_5.2_.7_  Functional  Grouping 

The  edges  in  the  program  development  charts  reflect  data  flew  rather 
than  functional  considerations,  although  the  data  flow  is  obviously 
influenced  by  the  functional  behavior  of  a program.  As  a result  of 
this,  it  is  not  possible,  in  general,  to  associate  a program  function 
with  an  edge.  Instead,  each  node  except  the  source  nodes,  i.e.  those 
with  no  edges  entering  them,  lias  associated  with  it  a program  function 
which  produces  the  data  element  represented  by  the  node.  All  the  edges 
entering  a rode  are  combined  to  define  the  function.  This  is  the 
reason  for  requiring  that  all  input  edges  to  a node  be  shown  in  a 
single  overlay. 

The  designer  can  identify  the  functional  decomposition  of  the  program 
using  the  notation  illustrated  in  Figure  5.11  which  represents  three 
functions:  FI,  F2,  and  F3.  In  this  illustration,  each  function  has  two 
edges  associated  with  it  which  are  indicated  by  labelling  each  with 
the  function  name  concatenated  with  a period  concatenated  with  an 
integer  which  uniquely  identifies  the  edge.  The  integers  start  with  1 
and  continue  in  order  for  each  function. 

In  this  procedure,  as  in  the  previous  one,  the  designer  should  look 
for  oorrmon  elements  or  functions  which  can  be  modified  so  that  they 
are  the  same. 


_5.2_.£  Identification  of  Virtual  Instructions 

The  functions  that  were  identified  in  the  previous  procedure  are 
formulated  as  virtual  instructions.  If  a set  of  virtual  instructions 
already  exist  these  should  be  reviewed  to  determine  whether  they  can 
be  used  to  implement  any  of  the  functions. 


The  designer  should  formulate  the  specifications  for  each  virtual 
instruction  very  precisely  using  an  appropriate  design  language  and/or 
system  (12,  14,  17,  20,  21,  25,  27).  The  specification  technique 
should  provide  for  subsequent  comprehensive  testing  and/or  validation 
of  the  implementation  of  the  virtual  instructions  (26)  as  well  as 
providing  the  specifications  that  define  the  behavior  of  the 
instruction. 

Tie  virtual  instructions  should  be  formulated  as  generally  as  possible 
without  giving  up  too  much  in  the  way  of  efficiency.  The  following 
guidelines  should  be  utilized  in  this  procedure: 

(1)  It  may  be  possible  to  define  a single  virtual  instruction 
that  implements  a number  of  functions  by  providing  parameters  in 
it  to  tailor  It  to  the  individual  requirements.  This  should  not 
be  carried  to  extremes  which  detract  excessively  from  efficiency. 
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(2)  Virtual  instructions  are  part  of  a virtual  language  that 
will,  hopefully,  be  utilized  for  other  software  systems  in 
addition  to  the  present  one.  Therefore,  the  instructions  should 
be  designed  so  as  to  be  generally  useful. 

An  example  of  the  type  of  thinking  which  might  enter  into  this  process 
can  be  given  in  terms  of  a functional  requirement  to  add  two 
ten-element,  one-dimensional  arrays  together.  The  designer,  cognizant 
of  the  above  guidelines,  may  decide  to  generalize  the  routine  to  add 
two  one-dimensional  arrays  together  with  the  number  of  elements  being 
provided  as  a parameter  rather  than  fixing  it  at  ten  elements.  Ihe 
designer  may  also  consider  further  generalization  to  a routine  which 
adds  arrays  of  any  number  of  dimensions  but  would  likely  reject  this 
because  it  would  seriously  detract  from  the  efficiency. 

The  exercise  of  careful  judgement  in  this  procedure  can  have  a 
significant  effect  on  future  projects.  This  implies  that  the  amount  of 
effort  devoted  to  such  considerations  should  be  determined  by  the 
expected  number  of  additional  software  designs  which  nay  utilize  the 
virtual  instructions  which  are  being  designed.  There  is  nothing  to 
prevent  substitution  of  a virtual  instruction  by  a more  general  one  at 
a later  time  if  that  becomes  desirable.  These  considerations  are 
directly  relevant  to  work  by  Pamas  on  the  design  of  software  families 
(23)  and  indicate  the  usefulness  of  this  netted  in  that  area. 

Tnis  process  is  performed  for  eacii  level  of  program  development  chart. 
Each  level  utilizes  the  virtual  instructions  of  the  lower  level  or 
levels  to  define  its  virtual  instructions.  Robinson  (25)  and  Robinson, 
et  al  (27)  present  a formal  methodology  for  specifying  this 
decomposition . Hamilton  and  Zeldin  (12)  provide  techniques  which 
insure  proper  interfacing  of  modules  and  well-structured 
implementations . 


_5._2.9_  Refinement  of  Physical  Data  Structures 

The  previously  described  procedures  serve  to  refine  the  data 
structures  and  program.  The  major  emphasis  in  those  procedures  is  on 
the  logical  aspects  of  the  data  structures.  'Die  physical  features  of 
tile  data  structures  are  intentionally  given  as  little  attention  as 
possible  in  those  procedures. 

The  intent  of  this  procedure  is  to  refine  the  physical  data  structures 
without  getting  involved  with  the  specific  implementation  details  of  a 
particular  hardware  configuration.  This  is  accanplished  by  using  the 
levels  of  availability  abstraction  discussed  in  section  4.2.11.  Tne 
objective  is  to  store  data  economically  and  to  have  it  available  for 
the  program  to  process  when  it  is  required. 

There  are  three  relatively  distinct  aspects  of  this  procedure. 

(1)  Development  of  an  abstract  model 
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It  is  necessary  to  decide  what  aspects  of  the  devices  are  inport  ant 
and  should  be  incorporated  in  the  abstract  models.  It  is  also 
necessary  to  determine  how  precise  the  model  must  be;  the  more 
precisely  it  nust  represent  the  devices,  the  narrower  the  class  of 
devices  which  a single  model  may  represent.  In  the  extreme,  each  model 
will  represent  all  aspects  of  one  device  and  the  entire  concept  loses 
its  value . At  the  other  extreme,  the  modal  may  be  useless  because  it 
provides  insufficient  information. 

This  aspect  of  the  procedure  is  a one-time  problem.  A single  set  of 
models  for  an  installation  should  be  adequate  for  most  applications. 
This  concept  is  essentially  an  extension  of  Liskov  and  Zille's  concept 
of  data  abstractions  into  the  physical,  rather  than  logical,  domain. 
It  can  also  be  viewed  as  an  extension  of  Pamas’  information  hiding 
conoept  into  the  physical  domain.  Additional  study  is  required  in  this 
area  to  select  the  device  parameters  that  should  be  used  in  the  models 
and  to  determine  the  groups  that  comprise  the  various  levels  of 
availability. 

(2)  Timeliness  of  Data  availability 

Timing  of  I/O  activities  becomes  a somewhat  critical  problem  in  many 
systems  because  of  the  slowness  of  I/O  devices.  In  general,  it  is 
desirable  to  initiate  an  I/O  activity  as  early  as  possible  so  that  the 
data  will  be  available,  or  the  buffer  will  be  clear,  when  it  is 
needed.  The  structure  of  the  program,  e.g.  looping,  often  limits  the 
e:xtent  to  which  this  can  be  dene.  If  the  data  handling  operations 
delay  the  program  execution  despite  early  I/O  initiation,  the  only 
recourse  is  to  use  a faster  I/O  storage  device.  Ibis  may  result  in 
data  being  transferred  from  one  peripheral  to  another  before  entering 
main  nernory  or  after  exiting  from  memory. 

(3)  Efficiency  of  Peripheral  Utilization 

Although  transfer  between  peripherals  may  increase  the  efficiency  of 
operation  of  the  central  processing  unit  it  does  involve  the  use  of 
two  peripherals  instead  of  one,  thereby  raking  a peripheral  that  would 
otherwise  be  available  for  other  purposes,  unavailable. 

It  is  the  designer'3  task  to  reach  a balance  between  these  conflicting 
requirements  based  on  the  application,  its  priority,  and  the  hardware 
system  and  operating  system  on  which  the  program  is  being  executed. 
Imminent  change?  in  hardware  and  architectural  design  can  be  expected 
to  have  considerable  impact  on  this  problem. 

The  program  development  charts  provide  a method  for  representing  f •» 
transfer  of  data  between  peripheral  devices.  The  concept  of  levels 
availability  permits  the  designer  to  start  work  before  the  deta j e 
specifications  for  I/O  devices  are  known.  As  the  software  syrt w 
refined  it  Is  possible  to  obtain  better  estirates  of  execut;.- 
fran  the  program  development  charts . If  already  impl  mer-e  , 

instructions  'are  used,  it  is  possible  to  use  measured  ®c*v  .*  _ - - m 
for  them  to  arrive  at  accurate  timing  estimates  with  re.  < . k>- 
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These  timing  estimates  can  be  combined  with  more  specific  information 
concerning  the  speed  associated  with  a level  of  availability,  or  a 
spc^ilic  device  if  it  has  been  specified,  to  check  adequate 
functioning  and/or  to  indicate  areas  for  design  revision. 

This  procedure  completes  the  proposed  software  designing  methodology, 
lb  summarize,  the  proposed  methodology  starts  with  the  specification 
of  requirements  stage  and  ends  prior  to  implementation  using  a 
programming  language.  It  is  complemented  by  use  of  a program  design 
language,  and  possibly  a requirements  specification  language.  The 
function  of  the  methodology  is  the  structuring  and  modularization  of  a 
proposed  software  system;  this  is  accomplished  by  a sequence  of 
step-wise  refinements  of  "the  data  structures. 


6.0  Relations! dp  With  Other 


Research 


In  this  section,  the  proposed  software  design  methodology  (SEM)  and  the 
program  development  chart  (PDC)  are  compared  with  other  methods, 
approaches , and  concepts.  A number  of  researchers  have  developed  methods 
and/or  languages  for  specification  of  program  designs.  These  efforts  are 
motivated  by  various  concerns  including  the  desire  to  verify  software 
implementations  against  specifications,  to  check  the  internal  consistency 
of  specifications,  to  impose  certain  structural  constraints  on 
implementations , or  to  facilitate  precise  and  unambiguous  communication 
betvreen  people  working  on  a project.  The  proposed  software  design 
methodology  is  compared  with  a sampling  of  such  methods. 


6.1.  Program 


CDL's) 


Efforts  in  this  area  are  characterized  by  those  of  Caine  and  Gordon 
(4),  IBM 1 3 PDL  (14),  and  mcGee  and  Pizzarello's  (Honeywell)  Rational 
Programming  Tedmique.  The  primary,  but  not  sole,  purpose  of  these 
languages  is  to  foster  unambigious  communication,  principally  1 between 
the  designer  and  the  programmer. 


These  languages  do  not  provide  the  designer  with  an  approach  to  the 
design  process  as  does  SEM  nor  do  they  provide  a graphic 
representation  of  the  developing  design.  They  oomplenent  SEM  by 
providing  a vehicle  with  which  to  express  the  design  in  a precise 
standardized  form. 


6. 2_  Design  Procedures  , . 

These  techniques,  like  5 DM,  are  intended  for  the  early  design  stages. 

There  are  substantial  variations  among  these  methods  so  a few  of  the 
better  knewn  .works  are  discussed  individually. 

u , 
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6*2. 1 IBM’S  HIPO  Charting 

There  are  three  types  of  HIPO  charts:  a visual  table  of  contents, 
overview  diagrams,  and  detail  diagrams  (13).  The  visual  table  of 
contents  presents  a hierarchical  modularization  of  the  software  system 
design  but  it  does  not,  nor  is  it  intended  to,  aid  the  designer  in 
achieving  this  modularization,  i.e.  its  function  is  more  one  of 
documentation  rather  than  design.  The  overview  and  detail  diagrams  are 
in  seme  ways  similar  to  the  PDC's  of  the  proposed  methodology  in  that 
they  permit  stepwise  refinements  of  the  program  structure  and  also  use 
notes  keyed  to  the  graphic  charts.  Unlike  the  PDC’s  which  use  nodes 
and  edges,  the  HIPO  charts  use  nested  boxes  to  show  data  elements  and 
program  components.  HIPO  charts  are  uniformly  structured  with  input  on 
the  left,  program  in  the  middle,  and  output  on  the  right. 


From  a purely  mechanical  point  of  view,  HIPO  charts  are  mare  difficult 
to  draw  because  of  various  types  of  stylized  arrows,  etc.  Although 
templates  are  available  and  this  is  not  of  najor  theoretical  import, 
it  does  seem  that  this  task  would  interfere  with  the  designer's 
concentration  on  the  essential  task  of  system  design. 


The  more  important  distinction  between  HIPO  charting  and  SEM  is  that 
the  only  guidance  given  to  the  designer  using  HIPO  charts  is  the 
input-program-output  paradigm  whereas  SDM  provides  a structured  design 
approach.  HIPO  charts  are  an  effective  means  of  presenting  and 
documenting  a software  design. 


6.2*2,  Presser  and  Rector's  Systematic  Step-wise  Refinements 

Presser  and  Rector’s  approach  (24)  is  covered  in  a paper  which 
presents  a case  study  in  disciplined  design,  it  is  not  presented  as  a 
developed  geheral  methodology  so  comparison  is  somewhat  unfair.  It  is 
included  here  because  there  are  seme  similarities  between  their 
approach  and  SDM.  Their  approach  uses  a sequence  of  grapJiical 
representations  with'  increasing  refinement.  Program  elements  are 
indicated  by  ovals  and  data  elements  by  rectangles.  The  hierarchy  of 
program  modules  is  shewn  by  a tree  structure  of  the  program  modules 
and  the  data  is  shewn  as  input  and  output  to  and  from  the  program 
modules.  In  comparison  with  SDM,  the  approach  does  not  provide 
guidance  as  to  hew  to  achieve  the  modularization.  It  is  not  as  well 
structured  nor  does  it  seem  as  comprehensive. 


6.2.3  Oontantine’s  Structured  Design 

Constantine's  methodology,  as  presented  in  the  paper  "Structured 
Design”  (28)  provides  extensive  coverage  of  the  design  process.  A very 
thorough  analysis  of  program  structures  is  presented  along  with 
numerous  guidelines.  Much  of  the  paper  is  devoted  to  these  guidelines 
and  the  reasons  behind  them.  This  part  of  the  work  does  not  have  the 
structure  required  of  a "method";  it  is  more  a discussion  of 
principles  and  concepts. 
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Hie  latter  part  of  the  paper  is  devoted  to  the  presentation  of  a 
design  methodology  which  utilizes  structure  charts  to  provide  a 
graphic  design  vehicle.  The  design  is  centered  around  a tree  type 
development  of  the  structure  chart  from  which  the  program  is 
developed.  The  starting  points  and  direction  of  movement  (in  the 
design  process)  are  essentially  opposite  for  this  method  and  SEM. 

Constantine’s  method  requires  that  the  designer  identify  the  major 
input  and  output  streams,  locate  the  points  of  "highest  abstraction" 
for  these  streams  (i.e.  the  point  farthest  removed  from  the  physical 
form,  or  alternatively,  the  point  where  the  data  is  most  highly 
processed  but  still  identifiable  as  input  or  output),  connect  the 
input  and  output  at  these  points  by  a program  module  and  then  work  out 
from  these  points  toward  the  physical  forms  providing  modules  which 
transform  between  the  existing  abstract  form  and  the  less  abstract 
form  which  ultimately  terminates  when  the  actual  physical  form  is 
reached. 

SDH  starts  at  the  physical  forms  and  works  in  toward  the  more  abstract 
forms.  The  advantage  in  using  SDH  is  that  the  designer  does  not  have 
to  make  the  leap  to  the  point  of  highest  abstraction  at  the  very 
beginning.  It  is  questionable  whether  designers  other  than  very 
talented  and  experienced  experts  can  do  that. 

The  guidelines  and  principles  given  by  Constantine  are  excellent 
criteria  for  judging  the  effectiveness  of  a design  methodology.  An 
evaluation  of  SEW  in  terms  of  these  criteria  follows: 

(1)  Coupling  between  modules  should  be  low. 

The  implementation  of  a program  by  a series  of  levels  of  virtual 
instructions  -insures  very  low  coupling. 

(2)  Interface  complexity  should  be  simple. 

The  interface  between  virtual  instructions  is  straightforward.  Each 
instruction  invokes  a sequence  of  lower  level  instructions.  This  is 
tie  kind  of  interface  that  Hamilton  and  Zeldin  (12)  build  in  to  their 
methodology  in  order  to  insure  proper  interfacing.  The  only  type  of 
global  interface  would  be  through  a block  which  associates  data 
attributes  with  variables  names,  as  is  done  in  PL/1  with  the  DECLARE 
statement  or  in  COBOL  with  the  data  division. 

(3)  Connections  between  modules  should  be  normal  (reference  to  module 
by  name),  not  pathological  (reference  to  element  inside  module). 

The  virtual  instructions  which  comprise  the  program  do  not  have 
provision  for  pathological  references.  Arguments  must  come  from  a 
oomtion  area  or  a formal  parameter  list;  there  is  no  way  to  branch  into 
the  middle  of  a routine. 

(4)  Type  of  communication  is  best  held  to  minimum  control  coupling 
(subroutine  calls)  and  passing  of  "element  of  control"  (e.g,  flag). 
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The  typical  communication  in  programs  designed  using  SDK  is  by 
subroutine,  or  function  call,  SDK  does,  by  requiring  the  designer  to 
attempt  to  conbine  sets  of  functions  into  single  virtual  instructions 
which  can  be  tailored  for  a given  application  by  means  of  parameters, 
enoourage  the  use  of  control  arguments  (arguments  that  determine  the 
behavior  of  a function).  This  type  of  ccmunication  is  generally, 
according  to  Constantine,  better  avoided.  The  pros  and  cons  of  such 
usage  would  have  to  be  considered  carefully  since  it  does  inhance  the 
software  efficiency. 

(5)  Cohesiveness  of  a module  should  be  as  high  as  possible. 

Modules  in  a program  designed  using  SDK  are  defined  by  virtue  of 
producing  a single  data  element  as  output.  This  essentially  guarantees 
functional  binding,  which  is  the  highest  form  of  binding. 

(6)  Modules  should  be  predictable  (should  provide  identical  outputs 
each  time  they  are  called  with  the  same  inputs). 

It  is  in  the  nature  of  instructions  that  the  outputs  are  well  defined 
functions  of  the  inputs.  Modules  in  a program  designed  using  STM  are 
predictable  since  they  are  virtual  instructions. 

(7)  Match  program  to  problem. 

Satisfaction  of  this  guideline  is  insured  since  the  program  structure 
follows  the  data  structure  which  is  either  explicitly  given  as  jart  of 
the  problem  statement  or  is  developed  by  the  designer  in  response  to 
the  problem  statement. 

(8)  Scopes  of  effect  and  control. 

f 

The  scope  of  control  of  a module  is  that  nodule  plus  all  nodules  that 
are  ultimately  subordinate  to  that  module.  The  soope  of  effect  of  a 
decision  is  the  set  of  all  modules  that  contain  some  bode  whose 
execution  is  based  upon  the  out  cane  of  the  decision.  The  system  is 
simpler  when  the  soope  of  effect  of  a decision  is  in  the  soope  of 
control  containing  the  decision. 

Satisfaction  of  this  guideline  essentially  eliminates  the  use  of 
control  flags.  This  would  preclude  the  use  of  nodules  whose  sole  or 
major  function  is  to  perform  certain  tests  and  report  back  to  the 
higher  level  module.  It  is  not  dear  that  this  restriction  is 
neoessarily  advantageous  in  the  context  of  SEM. 

(9)  Module  size  should  not  be  too  snail  or  too  large. 

Defining  nodules  as  virtual  instructions  tends  to  avoid  overly  large 
modules.  Modules  which  are  too  small  are  oombined  into  the  higher 
level  virtual  instructions  which  they  are  part  of. 

(10)  Error  arid  end-of-file  flags  should  not  indicate  what  is  to  be 
dene  about  these  conditions. 
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Virtual  instructions  would  normally  be  defined  so  as  to  sense  and 
report  these  conditions  but  not  to  indicate  the  response. 

(11)  Special  initialization  nodules  should  be  avoided  if  possible. 

It  is  the  nature  of  instructions  that  they  do  not  have  to  be 
externally  initialized.  Where  initialization  is  necessary,  the 
designer  will  have  to  make  explicit  provision  for  it. 

(12)  Selection  of  nodules  should  eliminate  duplicate  functions  but  not 
duplicate  code. 

The  procedures  used  to  generate  cannon  functions  and  the  attempt  to 
generalize  functions  in  defining  virtual  instructions  effectively 
eliminate  duplicate  functions.  In  software  designed  using  SEM  there  is 
no  duplicate  code  which  is  not  a duplicate  function.  Change  of  code 
requires  a change  of  the  function  or  virtual  instruction. 

(13)  Isolate  specifications. 

STM  achieves  this  by  having  each  element  input  by  a routine  which 
performs  a selection  process.  If  a specification  for  tire  data  element 
changes  only  the  function  which  implements  tire  selection  process  need 
by  changed;  the  remainder  of  the  program  remains  the  same. 

(14)  Reduce  parameters. 

The  procedure  of  introducing  intermediate  nodes  reduces  the  rnmfcer  of 
parameters  to  each  function.  The  data  flew  formulation  of  tire  PDC 
indicates  which  parameters  are  essential. 

From  the  foregoing  analysis,  it  is  evident  that  the  software  produced 
by  use  of  ' SDM  is  likely  to  satisfy  most  of  the  criteria  for  a well 
designed  software  product  as  given  by  Oonstantine. 


6.J3  Data  Structures 

Earley  (9)  has  investigated  data  structures.  Iiis  work  does  not  cover 
the  design  of  programs  to  transform  data  structures  although  he  does 
discuss  the  transformation  of  data  structures.  He  references  a 
programing  language,  VERS,  related  to  his  work  on  data  structures  and 
proposes  an  ultimate  system  which  will  accept  graphical 
representations  of  data  structure  transformations  and  produce 
appropriate  programs  to  achieve  them.  At  present,  however,  his  work 
appears  to  be  primarily  involved  with  the  data  structures  themselves. 


ifications 


Teichroew  is  credited  as  the  major  investigator  in  this  area  and  is 
the  originator  of  the  system  described  by  Eiden  and  Moore  (10).  This 
system,  which  consists  of  a language  and  an  analyzer  (which  is  a 
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software  product),  is  intended  to  permit  the  designer  to  specify  the 
user's  requirements  with  the  language  and  to  prepare  various  reports, 
including  graphical  representations,  from  this  data. 

This  technique  does  not  provide  any  assistance  in  the  design  of  a 
software  system  which  is  the  function  of  SEM. 


The  data  abstraction  concept  of  Liskov  (19,20),  the  information  hiding 
concept  of  Pamas,  and  the  transaction  analysis  of  Oonstantine  are  all 
related  to  a single  concept  which  is  known  by  other  names  as  well.  The 
essence  of  the  concept  is  that  all  operations  on  a data  object  are 
performed  by  one  or  more  nodules  which  make  it  unnecessary  for  the 
remainder  of  the  program  to  be  concerned  with  the  detailed  formats  or 
other  physical  characteristics  of  the  data.  This  minimizes  the  impact 
of  data  specification  changes  on  the  bulk  of  the  program. 

SDM  provides  such  an  isolation  of  the  data  objects  by  means  of  the 
selector  functions,  represented  by  the  broken  lines  in  the  PDC's. 


j5.  j> Design  Specifications  for  Program  Validation 


These  are  design  languages  which  permit  specification  of  the  design  in 
unambiguous,  functionally-oriented  notation.  Designs  may  be  checked 
for  internal  consistency  and  programs  nay  be  checked  against  their 
design  specifications  using  manual  and/or  automatic  tools,  Liskov  and 
Zilles  (20),  Robinson  (25),  Robinson  and  Levitt  (26),  Hamilton  and 
Zeldin  (12),  and  McGee  and  Pizzarello  (21)  have  all  done  work  in  this 
general  area. 

The  work  of  Hamilton  and  Zeldin  and  the  work  of  Robinson  resemble  SlU 
in  the  use  of  a hierarchical  decomposition  and  nested  virtual  machine 
concepts  respectively.  Both  of  these  techniques,  along  with  the 
others,  differ  from  SEM  in  that  the  designer  essentially  starts  with  a 
relatively  complete  decomposition  or  modularization  in  mind.  The 
method  permits  precise  specification  of  this  decomposition  and  imposes 
constraints  on  the  design  in  order  to  avoid  certain  pitfalls.  SDM,  an 
the  other  hand,  is  intended  to  provide  an  approach  for  generating  the 
decomposition  or  modularization  with  which  these  procedures  start. 


Pamas  discusses  the  problems  of  designing  program  families  by  means 
of  three  approaches : conventional  sequential  development,  step-wise 
refinement,  and  specification  of  information  hiding  nodules  (23).  Of 
the  three,  the  last  two  are  stucwn  to  be  useful  for  this  problem  while 
the  first  is  not. 

SEM  is  most  similar  to  the  step-wise  refinement  method.  It  would  be 


expected  to  be  somewhat  more  effective  because  it  has  some  of  the 
characteristics  of  the  information  hiding  method  as  well  and,  in 
addition,  the  explicit  attempt  to  define  generally  useful  virtual 
instructions  of  program  families. 


Considerations 


Hie  usefulness  of  SDM  in  environments  where  nary  programs,  which  fall  into 
a few  application-oriented  categories,  are  to  be  produced  has  already  been 
noted.  The  lowest-level  languages  support  the  entire  range  of  programs 
because  of  the  general  nature  of  their  instructions.  The  specific  nature  of 
the  high-level  language  instructions  limits  their  usefulness  to  one  or  a 
very  limited  number  of  programs.  Ihe  intermediate  level  programs  support  a 
moderate  range  of  programs  which  tend  to  coincide  with  application-oriented 
categories  as  a consequence  of  the  similarities  between  programs  in  a given 
category. 

Controls  an  the  languages  are  necessary  to  provide  stability  so  that 
different  people  working  in  this  environment  can  use  a language  with 
confidence  that  it  performs  according  to  current  documentation.  This 
requires  a management  system  to  control  the  languages,  to  determine  what 
changes  are  desirable,  to  implement  these  changes,  and  to  disseminate 
up-to-date  information. 


7.1  Initial 


The  initial  problems  in  setting  up  such  a system  are  quite  different 
than  those  which  exist  once  the  languages  are  established.  In  the 
beginning,  each  programming  team  will  have  the  freedom  to  define 
whatever  instructions  they  require  at  whatever  levels  they  wish. 

Frequent  meetings  between  representatives  from  all  teams  should  be 
held  with  the  objectives  of  detecting  redundant  instructions  or 
instructions  which  are  sufficiently  similar  so  that  they  may  be 
replaced  by  a single  instruction.  This  ccrmittee  will  have  the 
responsibility  of  standardizing  those  instructions  used  by  more  than 
one  programming  team. 

The  work  of  this  group  is  facilitated  by  submission  of  forms,  which 
document  newly  defined  instructions,  to  an  individual  cr  group  which 
is  responsible  for  comparing  them  and  detecting  redundancies.  These 
forms  also  provide  the  basis  for  docunentation  of  the  languages. 


7.2  Control 

IXiring  the  , initial  period  a sufficient  range  of  instructions  are 
collected  so  that  a designer  has  a reasonable  chance  of  finding,  in 
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the  lower  and  intermediate  levels  at  least,  instructions  which  permit 
him  to  implement  a substantial  part  of  his  design.  Once  this  point  is 
readied  the  management  techniques  most  change.  A number  of  things  must 
be  done  during  this  ongoing  phase  which  include: 

(1)  Identify  application-oriented  categories. 

(2)  Group  instructions  into  languages  vhich  are  characterized  by  the 
category  or  categories  they  serve. 

(3)  Establish  standards  for  virtual  instructions.  Some  standards  will 
apply  to  all  languages,  some  to  a certain  level  of  language,  others  to 
languages  for  certain  application-oriented  categories. 

(4)  Establish  procedures  for  adding  to  or  modifying  a language.  Higher 
level  languages  will  require  more  freedom  to  implement  changes  while 
lower  level  languages  demand  more  stringent  control. 


7.3  Dissemination  of  Information 

It  is  essential  that  up-to-date  information  on  the  languages  be 
available.  Techniques  that  have  been  used  for  standard  programming 
languages  can  provide  the  basis  for  dissemination  of  information  on 
the  virtual  languages  but  they  nust  be  modified  to  handle  the  more 
frequent  changes  which  can  be  expected  in  -his  environment.  Computer 
aided  updating  is  essential  for  this  application;  many  text  editing 
software  products  are  available  which  are  suitable  far  this  purpose. 
In  addition  to  printed  updates,  CRT  terminal  access  to  the  current 
information  is  very  desirable. 

Responsibility  for  control  of  the  languages  and  dissemination  of 
updates  should  be  vested  in  some  facility.  The  quality  control 
facility  proposed  to  Rome  Air  Development  Center  by  the  MITRE 
Corporation  (11))  would  be  an  appropriate  facility  for  this 
function. 


8_.£  Evaluation 

An  experimental  design  for  the  evaluation  of 
development  method  is  presented  in  this  section. 


proposed  software 
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9i._l  Software  Design  Courses 

TWo  groups  of  undergraduate  college  students  enrolled  in  a oomputer 
science  curriculum  will  be  registered  in  seminar  project  courses.  The 
students  wi^l  primarily  be  in  the  upper  junior  semester  and  will  have 
had  similar  courses  in  mathematics  and  computer  programing  including 
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computer  fundamentals,  BASIC,  FORTRAN,  assembly  language,  PL/1,  list 
processing  techniques,  and  systems  software.  The  seminar  project 
OOlll  uv  is  a four  credit  course  and  normally  requires  two  semesters  for 
its  completion. 

The  two  groups  of  students  will  be  matched  as  well  as  possible  in 
terms  of  scholastic  performance  and  courses  taken  in  computer  science. 

One  group  of  students  will  attend  a series  of  lecture/recitation 
classes  covering  techniques  for,  and  approaches  to,  the  design  of 
quality  software.  The  second  group  will  attend  a similar  series  of 
classes  but  the  proposed  software  design  methodology  will  be  included 
in  their  course. 


8.2_  Projects 

Upon  completion  of  the  classes,  each  group  of  students  will  be  divided 
into  chief  programmer  teams.  Each  team  will  design,  implement,  and 
test  a software  product  designed  to  the  same  requirements.  Then  each 
team  will  be  assigned  a second  project  which  is  similar  to  the  first 
project. 

The  teams  will  maintain  comprehensive  documentation  of  their  designs 
and  their  activities  to  permit  evaluation  and  comparison  of  their  work 
and  the  resulting  software  products. 


8_._3  Comparison  of  Results 

Hie  software  products  and  documentation  of  the  two  groups  of  students 
will  be  compared  in  order  to  answer  the  following  questions: 
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(1)  How  does  the  software  quality  of  the  teams  using  the  method 
compare  with  that. of  the  teams  not  using  the  method? 

(2)  How  does  the  uniformity  of  the  quality  of  the  teams  in  one 
class  compare  with  that  of  the  other  class? 

(3)  How  does  the  miformity  of  the  software  produced  by  the  teams 
using  the  method  compare  with  that  of  the  teams  not  using  the 
method? 

(4)  How  does  the  amount  of  reusable  code  differ  between  the  two 
classes? 

(5)  {few  nuch  effort  was  required  by  each  class? 

(6)  Hew  nuch  effort  was  required  by  each  class  cn  each  project? 
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(7)  Hew  comprehensive  a testing  job  was  each  class  able  to 
perform?  . 
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8.4  Calibration  and  Validation  of  Software  Quality  Model 

Thti’e  are  three  elements  Which  comprise  the  software  quality  model: 
the  software  quality  factors  together  with  their  associated  metrics, 
the  software  quality  parameters,  and  the  software  quality  index.  These 
elements  are  related  to  each  other  and  to  a given  software  product  as 
shewn  in  Fig.  8.1. 

The  judgemental  factors  relating  the  software  quality  parameters  to 
the  software  quality  index  reflect  the  opinions  of  the  software  users. 
The  methods  for  static  measurement  of  the  software  quality  factors  are 
incorporated  in  Hie  definitions  of  the  metrics.  The  regression 
coefficients  which  relate  the  software  quality  parameters  to  Hie 
software  quality  factors  must  be  determined  experimentally. 

Calibration  of  the  software  quality  model  refers  to  the  process  of 
determining  Hie  regression  coefficients.  It  is  done  by  making  static 
measurements  of  Hie  software  to  evaluate  the  software  quality  factor’s 
and  by  making  dynamic  measurements  (by  testing  the  software)  to 
evaluate  Hie  software  quality  parameters.  A regression  analysis  is 
performed  to  determine  the  regression  coefficients.  Thayer,  et  al  (29) 
discuss  variations  on  standard  regression  analysis  which  are  relevant 
to  this  application.  Separate  sets  of  coefficients  will  be  developed 
for  the  two  classes  of  students  (those  not  using  the  proposed 
methodology  and  those  that  are  using  it)  to  determine  whether  the 
models  are  different  or  not.  Calibration  will  be  performed  using  the 
first  project. 

Validation  refers  to  the  process  of  checking  that  the  software  quality 
model  is”  valid.  This  is  done  by  comparing  the  predicted  software 
quality  parameters  for  the  second  project,  obtained  using  the 
regression  coefficients,  with  the  corresponding  measured  values, 
obtained  by  dynamic  measurement. 


9_.0_  Conclusions 

The  proposed  software  design  methodology  presented  in  this  paper  provides 
the  software  designer  with  a structured  approach  to  the  critical,  initial 
stages  of  software  design,  the  functional  decomposition  of  the  software 
system.  The  methodology  is  based  on  widely  accepted  design  ooncepts , 
principally  Hie  concept  of  nested  virtual  machines  and  the  concept  of 
matching  the  program  structure  to  the  data  structure. 

The  methodology  has  not  as  yet  been  applied  to  Hie  design  of  a substantial 
software  product  but  plans  to  do  so  are  complete  and  this  project  will 
oonmence  shortly.  It  is  expected  that  the  methodology  will  be  refined, 
augmented,  and  changed  as  a result  of  this  experience. 

• 

He  project  for  evaluating  the  proposed  methodology  involves  a software 


quality  model  which  is  essentially  a simplified  version  of  one  developed  by 
TRW,  The  model  used  in  this  work  is  limited  to  a three  level  tree  structure 
for.  simplicity  and  because  this  seems  adequate  for  the  purposes  of  this 
project.  The  more  extensive  model  is  more  appropriate  for  general  purposes. 

A number  of  the  topics  considered  in  this  paper  require  substantially  more 
work.  The  purpose  of  covering  them  in  this  paper  is  to  provide  an  overview 
of  the  research  to  be  conducted  in  this  area.  On  the  other  hand,  some 
important  topics  have  been  given  very  little  attention  for  various  reasons. 

One  very  important  area  that  has  been  omitted  is  the  process  of  ooding. 
This  is  relatively  straightforward  at  all  levels  except  the  lowest  because 
the  instructions  at  each  level  are  defined  in  order  to  implement  the  next 
higher  level.  The  lowest  level  must  be  implemented  using  an  existing 
language.  Structured  code  should  be  used  for  this  implementation.  The 
decomposition  of  the  program  into  virtual  instructions  which  are  simple 
elements  should  facilitate  this  work.  It  would  be  very  useful  to  carry  the 
design,  phase  to  a point  from  which  structured  code  could  be  generated  using 
a routine  procedure.  Continuing  research  in  this  area  will  ^dress  this’ 
problem. 
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REAL-WORLD  LIMITATIONS  OF  RADAR 
SIGNATURES  FOR  TARGET 
IDENTIFICATION 

by 

Robert  D.  Strattan 


ABSTRACT 


The  feasibility  of  extracting  characteristic  features  of  aircraft  targets 
from  their  radar  signatures  Is  within  the  state-of-art.  The  methods  for  clas- 
sifying and  identifying  aircraft  from  their  radar  signatures  have  been  examined. 
The  objective  has  been  to  Identify  the  limiting  factors  and  propose  analysis 
and  simulation  procedures  for  evaluating  the  performance  in  a real-world 
tactical  environment. 

Modern  radar  technology  provides  means  of  high  resolution  target  descrip- 
tion. Microwave  radars  using  wide  bandwidth,  digitally  coded  waveforms,  and 
coherent  signal  processing  techniques  can  provide  amplitude  and  phase  signatures 
with  resolution  to  a small  part  of  an  aircraft's  overall  dimensions.  Synthetic 
aperture  processing  can  provide  a two-dimensional  Image  of  radar  highlights. 

Low  frequency  approaches  using  wavelengths  In  the  Rayleigh  and  resonance 
regions  have  been  proposed  by  researchers  at  Ohio  State  University.  These 
methods  offer  several  attractive  feature  extraction  possibilities,  such  as 
natural  resonance  frequencies  and  three-dimensional  Images.  The  hardware 
Implementation  of  these  radars,  perhaps  operating  at  frequencies  as  low  as 
10  MHz,  appears  unattractive  for  the  tactical  case,  however. 

Pattern  recognition  concepts  as  well  as  radar  sensor  design  enter  Into 
this  problem.  The  probable  approach  would  be  to  attempt  a detailed  classifica- 
tion of  the  target  based  upon  Its  radar  signature  features  and  other  measurable 
quantities,  and  then  proceed  to  a judgmental  Identification:  friend,  foe  or 

neutral,  from  the  classification  result  and  other  Information.  The  central 
pattern  recognition  problems  are  feature  space  definition  and  the  source  for 
training  set  data. 

It  Is  concluded  that  an  Imaging  microwave  radar  appears  most  feasible  for 
the  tactical  environment.  The  analysis  of  the  performance  degradation  effects 
of  the  limiting  factors  on  several  design  concepts  using  simulation  techniques 
Is  recommended  as  the  next  step.  Several  associated  research  questions  are 
raised. 
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I . OBJECTIVES 


The  stated  objective  of  this  Summer  Faculty  Research  Program  has  been: 

Investigate  limitations  posed  by  target  RCS  phenomena  and 
dynamics,  atmospheric  effects,  system  degradation  factors 
and  limited  observation  times  on  the  capability  to 
Identify  aircraft  and  other  targets  through  radar  signatures 
and  radar  Imaging  using  all  weather,  wideband  modulation 
microwave  radars. 

This  broad  objective  statement  was  narrowed  to  three  specific  objectives 
that  were  partially  attainable  during  the  ten  week  period.  These  objectives 
are: 

1.  Evaluate  the  applicability  of  classification  methods 
discussed  In  the  literature,  with  specific  emphasis 
on  the  low  frequency  approach. 

2.  Identify  and  quantitatively  describe  the  key  elements 
required  to  simulate  an  Identification  radar  with  the 
RADSIM  simulator  systems. 

3.  Discuss  aircraft  radar  signature  and  camouflage 
characteristics  and  their  implication  to  the  Identifica- 
tion process. 

The  results  of  the  efforts  on  the  first  two  objectives  are  summarized  In 
the  body  of  this  report.  The  security  classification  of  the  third  objective 
precludes  the  Inclusion  of  other  than  general  conments. 


II.  INTRODUCTION 

The  Inmedlate  application  conceived  for  this  research  would  be  on  tactical 
surveillance  radars,  although  results  could  have  much  broader  applications. 

The  mission  of  a tactical  radar  is  to  detect  and  locate  the  airborne  targets 
within  Its  surveillance  zone,  typically  a circle  of  370  km  (200  nautical  miles) 
radius.  A third  function  Is  to  Identify  the  targets. 

Ideally,  the  Identification  would  Include  detailed  information  such  as  the 
aircraft's  tail  number,  nation  of  registry,  destination  and  mission.  This  is 
possible  to  achieve  by  communications  with  cooperative  targets.  However,  In 
the  military  scenario,  the  uncooperative  target  during  a battle  must  be  contended 
with.  Coded  transponders  have  been  used  for  years  to  provide  active  positive 
recognition  of  friendly  targets.  The  transponder  may  fail  to  operate,  or  be 


disabled  intentionally  to  provide  silent  operation  in  an  electronic  warfare 
zone.  The  possibility  of  neutral  as  well  as  friend  and  foe  aircraft  in  a zone 
further  confuses  the  situation. 

The  question  is  then:  Can  passive  identification  of  aircraft  be  realized 
from  their  radar  signatures?  Research  on  radar  target  classification  techniques 
has  existed  for  many  years.  Significant  results  have  been  achieved  for  space 
object  identification.  These  developments  and  the  feasibility  of  high  resolu- 
tion radar  technology  and  digital  data  processing  encourage  one  to  answer  yes 
to  the  question. 

A closer  look  at  the  tactical  problem  brings  out  radar  related  problems 
other  than  the  basic  pattern  recognition  problem;  waveform  distortion  due  to 
atmospheric  effects  and  ground  reflections,  clutter  and  ECM  vulnerability  are 
examples.  Before  these  effects  can  be  evaluated,  a point  design  is  needed. 

There  are  two  basic  approaches  to  the  sensor  design:  low  frequency  or  micro- 

wave.  These  approaches  concentrate  on  different  target  features.  Which  is 
better? 

The  main  goal  of  this  work  has  been  to  explore  the  nature  of  each  approach 
with  the  plan  in  mind  of  evaluating  the  approaches  on  a simulator.  The  task 
is  considerable  and  certainly  was  not  completed  in  the  ten  week  period. 

However,  the  problem  has  been  analyzed  and  hopefully  restated  in  a more 
expedient  and  coherent  manner.  Many  interesting  areas  for  further  research 
have  been  identified.  The  answers  are  not  in  hand,  but  the  path  to  follow 
is  much  clearer. 

The  principles  of  radar  systems  theory  and  pattern  recognition  have  been 
summarized  in  Section  III  and  IV  as  they  apply  to  the  problem.  The  possibilities 
of  a microwave  radar  implementation  are  then  considered  through  the  preliminary 
design  of  two  radars  in  Section  V.  The  alternatives,  primarily  in  the  form 
of  the  low  frequency  approach  are  considered  in  Section  VI.  Conclusions  and 
recommendations  for'further  research  that  will  hopefully  quantitatively  answer 
some  of  the  questions  brought  up  here  are  presented  in  Section  VII. 


III.  RADAR  PRINCIPLES 

The  purpose  of  this  section  is  to  set  down  in  a concise  manner  the  basic 
principles  and  relationships  needed  for  the  analysis  of  coherent  radar  systems. 
The  principles  of  pulse  compression  radars  with  coherent  processors  come  from 
References  1,  2,  and  3.  The  target  scattering  impulse  analysis  Is  described 
in  Reference  4.  The  detailed  analyses  of  a radar  system  are  certainly  more 
involved  than  indicated  here.  This  is  intended  to  identify  only  those  primary 
factors  controlling  the  performance  of  a radar  as  they  effect  the  identification 
process. 

The  major  elements  of  a coherent  radar  system  are  shown  in  the  block 
diagram  of  Figure  1.  The  methods  of  linear  systems  theory  will  be  used  in  the 
'iscussion  and  analysis  of  the  radar  signal  flow.  The  modulator  and  coherent 
source  generate  a waveform  (et)  that  is  broadcast  through  space  by  the 


transmitter  and  antenna.  The  target  scatters  a portion  (es)  of  the  incident 
signal  (e-j)  back  to  the  antenna  and  receiver.  The  tracking  matched  filter  and 
coherent  detector  process  the  received  waveform  (e~)  to  produce  a range-time 
intensity  and  phase  (RTI,  0)  profile.  If  the  resolution  is  sufficient,  detailed 
information  about  the  location  of  the  target's  scattering  centers  is  revealed. 

A two-dimensional  Image  of  the  target  may  be  formed  if  the  target's  aspect 
angle  (e)  changes.  The  RTI,  0 profiles  are  retained  in  memory  over  an  Integra- 
tion time  that  assures  sufficient  target  rotation.  A Fourier  transform  with 
respect  to  aspect  angle  (or  integration  time)  yields  a cross  range  Image  of  the 
radar  highlights  of  the  target. 

The  radiated  signals  are  delayed  In  time  and  diminished  by  the  Inverse 
range  law  of  propagation.  The  antenna  has  specific  polarization  properties 
which  determine  the  incident  (p-j ) and  scattered  (pc ) polarizations  of  Interest. 

The  incident  wave  is  scattered  in  all  directions,  but  only  that  backscattered 
to  the  receiver  is  of  interest  here.  The  magnitude  of  the  backscattered  signal 
is  usually  expressed  as  the  radar  cross  section  (o).  o is  a strong  function  of 
many  parameters;  e.g.,  frequency,  polarizations  and  aspect  angle  as  well  as 
the  size,  shape  and  material  composition  of  the  target.  More  useful  Information 
is  contained  in  the  impulse  response  of  the  scatterer,  however. 

The  Implementation  of  a high  resolution  matched  filter  and  coherent 
processing  Implies  that  the  target  is  tracked  in  range  and  doppler  shift.  The 
range  tracking  requires  selecting  a short  range  window  for  high  resolution 
processing.  The  doppler  shift  resulting  from  the  target's  radial  velocity 
must  be  offset  in  the  receiver.  Relative  motion  between  the  radar  and  target, 
and  time  varying  scattering  mechanisms  are  non-linear  effects  not  accommodated 
by  linear  system  theory.  They  do  provide  useful  auxiliary  inputs  to  the 
Identification  process,  however. 

The  nature  of  the  radar  signals  encountered  In  the  application  of  linear 
systems  theory  is  shown  in  Figure  2.  The  problem  Is  essentially  one  of  designing 
a waveform  that  will  reveal  the  target's  unique  characteristics  while  suppressing 
interference  from  other  targets.  The  target  may  be  thought  of  as  a filter  In 
a transmission  channel  and  may  be  described  in  terms  of  either  Its  frequency  or 
time  domain  properties. 

The  transmitted  waveform  may  be  described  as  a staggered  repetition  rate 
phase  encoded  pulse  burst.  Each  pulse  of  duration,  T^,  is  made  up  of  subpulses 
of  duration,  T . The  subpulse  phase  (or  frequency)  is  modulated  according  to 

an  optimumly  selected  code.  The  pulse  to  pulse  Interval  is  also  varied  according 
to  an  optimumly  selected  code  with  an  average  Interval  of  Tc.  The  total 
duration  of  the  waveform  is  T^.  The  frequency  domain  spectrum  will  have  a 
bandwidth  of  B ~ 1/Ta  centered  at  the  carrier  frequency  fc. 

The  receiver  is  described  in  terms  of  Its  matched  filter  ambiguity  function 
<I«(t,v),  where  i Is  time  delay  and  v is  doppler  shift.  The  ambiguity  function 
<l>  describes  the  time  and  doppler  resolution,  sidelobes  and  ambiguity  characteristics 
of  the  optimum  processing  scheme  for  the  transmitted  waveform.  The  time-frequency 
autocorrelation  of  the  transmitted  waveform 
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is  related  to  the  ambiguity  function  by 
♦(*»  v)  a I x(i»  v)  I2 


A characteristic  "bed  of  spikes"  ambiguity  function  Is  shown  on  the  \t  v 
plane  in  Figure  2.  A large  value  of  4*  implies  a strong  output  response  while 
a low  value  implies  strong  rejection  of  a target's  response  at  those  coordinates. 
The  origin  is  considered  to  be  located  at  the  desired  target's  range  and  velocity 
coordinates  by  the  tracking  functions  of  the  filter. 

The  response  to  a motionless  point  target,  i.e..  Impulse  response  Is  an 
impulse.  Is  e0  » Therefore,  the  range  time  (i)  resolving  capability 

is  the  width  of  the  peak  in  the  t direction,  a value  given  approximately  by 
1/B.  The  ability  to  resolve  targets  of  differing  velocity  but  at  the 
same  range  is  given  by  the  v axis  peak  width  Avr  ~ 1/TD.  The  t,  v variables 
are  related  to  range  and  radial  velocity  by 


i = 2y  \j  = 2y  = 2f  y 
c X 


c 


3 x 10®  m/sec. 


The  widths  of  the  central  peak  of  and  the  sldelobe  level  surrounding  It 
are  of  the  utmost  Importance  in  determining  the  ability  to  resolve  scattering 
centers  on  a target.  However,  a surveillance  radar  must  also  have  the  ability 
to  reject  other  targets  and  clutter  over  a wide  range  of  i and  v.  The  range 
ambiguity  peaks  at  i s ±nTp  resulting  from  repeating  the  waveform  and  doppler 
ambiguity  peaks  at  v = ±n/Tc  resulting  from  the  pulse  repetition  rate  are  also 
of  concern.  The  range  ambiguity  at  i 1 ±nTc  has  been  suppressed  by  staggering 
the  repetition  rate  with  Tc  being  the  average  interval.  The  code  length 
required  for  the  PRF  staggering  is  Nr  * T^/T  . The  separation  between  pulses 
must  be  sufficient  to  prevent  overlapping.  This  condition  Is  met  for 
5/2 

4Td  2 Nf  T^.  The  maximum  unambiguous  range  of  the  radar  Is  determined  by 

the  burst  length,  Rmax  = cT^  t and  the  first  doppler  ambiguity  should  be 

~T 

removed  to  correspond  to  double  the  velocity  of  the  fastest  target 
foldover,  or 

> 4fymax 
•c 


sufficiently 
to  eliminate 
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The  elementary  form  of  the  radar  range  equation,  neglecting  losses.  Is 

2 2 

Pr  = PyG  X a 
(4it)3R4 


where  Pr  Is  the  received  power,  Py  Is  the  transmitter  power,  X * c/fc  Is  the 
wavelength,  a Is  the  radar  cross  section  of  the  target,  R Is  the  range,  and 
G ~ 4.1  x lO4/eB0B  is  the  antenna  gain  with  eB  and  the  azimuth  and  eleva- 

tion beamwidth  in  degrees.  The  detected  signal  to  noise  ratio  for  an  Integrating 
pulse  compression  radar  is  given  by 


S = PrMn 

T TlP 


where  Nr  = Td/Tc  is  the  number  of  integrated  pulses  in  the  waveform, 

Np  = Tb/Tg  is  the  pulse  compression  ratio,  kT  is  Boltzman's  constant  times  the 
noise  temperature  (kT  ~ 4 x ICT^W/Hz),  and  B ^ 1/Tfl  is  the  bandwidth. 

The  scattering  properties  of  the  target  may  be  described  by  Its  frequency 
domain  scattering  length  function  G(w)  or  its  time  domain  impulse  response  g(t). 
They  are  a Fourier  transform  pair  according  to  linear  system  theory.  The 
radar  cross  section  is  related  by  o 8 I G(w)  | 2.  These  functions  are  related 
to  Fj(t  - n/c)  and  F(w)  of  Reference  4 by  the  constant  Vtc.  Geometrical  optics 

specular  scattering  characteristic  of  short  wavelengths  may  be  associated  with 
the  Impulses  of  g(t)  and  the  cyclic  Interference  pattern  of  G(w)  at  high 
frequencies  for  multiple  scattering  center  targets.  The  ringing  In  the  g(t) 
and  resonance  peaks  In  G(w)  are  associated  with  creeping  wave  and  resonance 
mode  responses  most  apparent  when  scatterer  dimensions  are  comparable  to  the 
wavelength.  The  low  order  moments  of  g(t)  and  the  low  frequency  asymptotic 
behavior  of  G(w)  are  related  to  Rayleigh  scattering,  primarily  controlled  by 
target  volume  at  wavelengths  much  larger  than  the  target  dimensions.  These 
functions  are  shown  for  a simple  two  sphere  target  in  Figure  2.  The  high 
frequency  approximation  of  g(t)  Is  simply  the  Impulses  corresponding  to  the 
geometrical  optics  or  other  concentrated  short  wavelength  dominant  scattering 
centers. 

The  output  of  the  matched  filter  is  a modulated  carrier  or  Intermediate 
frequency  sinusoid  that  must  be  synchronously  detected  to  retain  phase  as  well 
as  amplitude  Information.  This  information  Is  usually  output  in  terms  of  the 
in-phase  and  quadrature  signals  defined  by 


e0  =•  ej  ( t ) cos  2ti f c t + eq(-t)  sin  2irfct 
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The  variation  of  ej  and  eg  with  range  time  t locates  the  scattering  centers  In 

the  y or  slant  range  direction.  If  the  target  Is  rotated  slightly,  the  phase 
of  the  scattering  centers  will  change.  If  the  range  time  Intensity  and  phase 
(RTI,  Q)  profiles  of  ej  and  eg  are  retained  for  equally  spaced  Intervals  over 
a rotation  angle  of  &em  and  a Fourier  transform  taken  across  the  angular 
variable,  that  variable  is  transformed  to  cross  range  distance  (x).  As  discussed 
in  References  5,  6 and  7,  the  cross  range  resolution  is  Axr  ^ A/2A0m  and  the 

number  of  profiles  integrated  should  be  at  least  equal  to  the  ratio  of  the  maximum 
cross  range  dimension  of  the  target  to  Axr.  The  transforms  should  be  performed 

at  slant  range  intervals  no  larger  than  the  range  resolution  Ayr  « c/2B. 

The  angular  interval  needed  for  the  cross  range  scale  factor  may  be  determined 
approximately  from  flight  path  tracking  data. 

The  accurate  processing  of  this  synthetic  aperture  image  requires  phase 
coherence  among  all  of  the  RTI,  0 profiles.  This  would  normally  require 
continuous  tracking  over  the  full  integration  time,  an  excessively  long  period 
for  a scanning  surveillance  radar.  Although  no  confirmation  of  validity  has 
been  uncovered,  it  seems  reasonable  that  an  intense  and  stable  scattering  center 
could  be  selected  as  a reference  rotation  center  and  scan  to  scan  RTI,  0 profiles 
referenced  to  this  point  as  the  zero  phase  coordinate  for  all  scans.  This 
method  would  also  compensate  for  range  tracking  errors  and  jitter. 


IV.  IDENTIFICATION  PRINCIPLES 

The  identification  process  Is  essentially  the  classification  problem  from 
pattern  recognition  theory:  given  the  values  of  the  feature  coordinates  of 
an  unknown,  assign  It  to  the  class  it  most  closely  resembles.  There  are  many 
procedural  approaches  to  this  classification  process,  and  the  results  are 
dependent  upon  selection  of  feature  coordinates  and  their  relationship  to  the 
discrimination  among 'classes.  A simple  classification  problem  Is  presented 
as  an  example  In  order  to  explain  some  basic  terminology  and  concepts.  The 
characteristics  of  the  aircraft  identification  by  radar  are  discussed  In  some 
detail.  Only  the  most  elemental  aspects  are  discussed  here;  the  detailed  Investi- 
gation of  the  problem  Is  beyond  the  scope  of  this  project. 

Bayes  decision  theory  is  a fundamental  statistical  approach  to  the 
classification  problem,  (Reference  8).  The  Bayes  approach  yields  the  lowest 
possible  error  rate  but  requires  the  a priori  knowledge  of  the  probability 
distributions.  The  nearest  neighbor  method  (References  8 and  9)  requires  no 
knowledge  of  the  probabilities,  but  may  have  an  error  rate  as  great  as  twice 
the  Bayes  error  rate.  The  ease  of  Implementation  of  the  nearest  neighbor  approach 
may  compensate  for  the  reduced  accuracy.  These  methods  are  Illustrated  In  the 
following  example. 

Consider  a two  class,  single  feature  problem  with  the  probability  distribu- 
tions shown  in  Figure  3.  The  spread  of  the  x values  about  the  central  value 
of  a class  could  be  due  to  noise  or  fluctuations  caused  by  physical  phenomena 
or  measurement  imperfections.  The  problem  Is:  given  a value  of  x,  determine 
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the  class,  Wj  or  w2.  There  Is  no  question  that  0<  x<  1 corresponds  to  w.j 
and  2 < x < 3 corresponds  to  w2,  but  a non-det^rmlnlstic  decision  must  be  made 
for  1 < x < 2,  with  some  chance  for  error. 

Bayes  decision  theory  states  that  the  lowest  possible  error  rate  occurs 

when 

p(xb1Wl )R(wl ) = P(xb|w2)p^w2^ 
and 

class  ■ Wj  If  x < xb 
» w,  if  x > x. 

2 D 

for  the  example  xb  3 1.667  and  the  error  rate  Is  11.11  percent.  An  error 
occurs  for  x < xb  when  the  class  Is  w2  , or  x > xb  when  the  class  is  w^. 

The  nearest  neighbor  method  assigns  the  unknown  to  the  class  having  an 
element  of  its  training  set  closest  to  the  unknown's  feature  value.  If  x.|  3 1 

and  x2  = 2 are  taken  as  the  training  set,  values  of  x < 1.5  are  closest  to  Xj 

and  x > 1.5  are  closest  to  x^  with  the  result  of 

class  3 if  x < 1.5 
3 w^  if  x >1 .5 

The  resulting  error  rate  is  20.8  percent. 

If  larger  training  sets  are  considered,  in  this  case  distributed  uniformly 
according  to  the  assumed  probabilities,  the  nearest  neighbor  results  are: 

3 element  set:  x^  3 .707  and  1.293  3 2.0 

class  3 w^  If  x < 1 .647 

3 w2  If  x > 1.647 
error  rate  3 11.13  percent 


jt 
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9 element  set: 


x1  3 .408,  .707,  .913,  1.087,  1.293  and  1.592 
x2  3 1 .577,  2.0  and  2.423 
class  3 w^  If  x < 1.435  or  1.585  < x < 1.796 
w2  if  1.435  < x < 1.585  or  x > 1.796 
error  rate  3 18.60  percent 


This  method  may  be  extended  to  the  Kth  nearest  neighbor  method.  The 
unknown  Is  assigned  to  the  class  of  the  largest  number  of  the  K nearest  neighbors 
to  the  unknown's  feature  value.  This  method  reduces  to  the  example  above  for 
K 3 1.  If  the  method  is  applied  to  the  9 element  training  set  above,  the  results 
are: 


K 3 3 class  = w1  If  x < 1.647 

3 w2  if  x > 1 .647 

error  rate  3 11.13  percent 
K = 5 class  = w^  if  x < 1.755 

3 w2  if  x > 1 .755 

error  rate  3 11.50  percent 


This  simple  example  demonstrates  several  basic  principles.  No  method  may 
have  a lower  error  rate  than  the  Bayes  method,  but  the  easily  implemented  nearest 
neighbor  method's  error  rate  does  not  exceed  twice  the  Bayes  rate  and  approaches 
It  In  some  cases.  The  a priori  probabilities  required  by  the  Bayes  method  are 
usually  unknown,  while  the  nearest  neighbor  training  set  Is  a very  direct 
method  of  describing  feature  data.  The  error  rate  of  the  nearest  neighbor 
method  is  dependent  upon  the  training  set  as  well  as  the  sophistication  of  the 
decision  process. 

Most  classification  schemes  are  variations  of  these  basic  methods.  The 
complexity  and  difficulty  of  Implementation  increases  rapidly  as  the  number  of 
classes  and  dimensions  of  the  feature  vectors  increase.  The  selection  of  the 
feature  coordinates  and  the  functions  for  mapping  raw  data  to  feature  space 
become  central  problems  to  optimizing  the  classifier.  Iterations  of  physical 
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considerations  and  empirical  data  manipulation  using  facilities  such  as  the 
Waveform  Processing  System  (WPS)  and  On-Line  Pattern  Analysis  and  Recognition 
System  (OLPARS)  at  RADC  (Reference  10)  are  usually  required  to  develop  a work- 
able algorithm. 

The  selection  of  feature  space  must  rely  upon  the  physics  of  the  sensor- 
target  Interaction.  Features  accentuating  unique  features  that  are  readily 
measured  are  desired.  Size,  planform  arrangement,  flight  envelope  extremes 
and  propulsion  characteristics  are  favored  features  for  aircraft  at  microwave 
frequencies.  Two-dimensional  images  provide  size  and  planform  arrangement 
information.  Some  information  may  be  extracted  from  a one -dimensional  profile 
(RTI)  at  the  near  nose  and  tall  aspects  where  two-dimensional  images  are 
difficult  to  obtain.  Propulsion  modulation  data  should  be  most  available  at 
nose  and  tall  aspects,  complimenting  the  two-dimensional  image's  broadside 
utility.  Aspect  angle,  speed,  altitude  and  other  flight  parameters  are 
extractable  from  general  tracking  loop  functions. 

A general  concept  of  the  identification  problem  Is  shown  In  Figure  4. 

The  sensor  determines  certain  signature  characteristics  of  the  unknown,  subject  to 
corruption  by  natural  and  hostile  noise  and  distortion  sources.  The  classifier 
compares  the  unknown's  features  with  those  of  the  training  sets  in  a reference 
file.  The  order  of  the  classification  problem  is  so  large  that  some  form  of 
sequential  decision  tree  or^er  reduction  will  be  necessary.  First  sorting  by 
target  overall  dimension,  then  engine  count,  then  aspect  angle,  etc.,  could 
quickly  reduce  the  problem  to  several  small  manageable  problems.  The  output  of 
the  classifier  is  a detailed  description  of  the  target,  e.g.,  MIG-23C  with 
external  stores,  heading  235  degrees  at  Mach  1.5,  2 km  altitude,  confidence 
level  95  percent.  The  identifier  then  correlates  this  detailed  classification 
with  other  information,  e.g.,  air  order  of  battle,  geographical  origin  of  track, 
other  inputs  such  as  FLINT,  optical  and  IR  reports,  and  makes  a judgment  on  the 
identification:  friend,  foe  or  neutral.  The  judgment  based  on  the  non-radar 

features  Is  essential  as  one  aircraft  type  with  indistinguishable  radar  features 
could  conceivably  belong  to  all  three  identification  classes  with  the  prolifera 
tion  of  International  arms  sales.  However,  the  radar  measured  features  will 
be  one  of  the  essential  identification  Inputs. 

The  source  of  the  training  sets  for  the  classifier's  reference  file  is  a 
matter  for  careful  attention.  There  are  four  basic  sources: 

1.  Measurements  on  actual  aircraft  by  a reference  facility. 

i 

2.  Measurements  on  scale  models  by  a reference  facility. 

3.  Calculated  features  using  a math  model. 

4.  Measurements  acquired  and  assimilated  on  actual 
classified  targets  by  the  sensor  system  while  In  operation. 

Sources  1 and  2 are  probably  most  feasible  for  initial  operation  while  source  4 
could  be  used  to  continually  update  and  adaptatively  sharpen  performance  during 


1 
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routine  surveillance  duty.  The  complexity  of  the  optics  region  scattering  from 
targets  as  large  and  complex  as  aircraft,  particularly  when  forward  and  aft 
aspect  scattering  is  dominated  by  cavity  and  sensor  reflections  not  tractable 
to  calculation,  tends  to  discourage  the  use  of  source  3. 


V.  MICROWAVE  RADAR  IDENTIFIERS 

Two  general  concepts  of  a radar  Identifier  appear  to  be  emerging  from  the 
technical  coirmunlty.  One  may  be  described  as  the  "low  frequency  approach" 
being  researched  at  Ohio  State  University  and  discussed  In  Section  VI.  The 
other  Is  the  "microwave  approach"  that  Is  essentially  the  radar  technologist's 
response  to  applying  modern  radar  theory  to  the  identification  problem  (References 
11  - 16).  From  the  pattern  recognition  viewpoint.  It  concentrates  on  the 
target's  fine  structure  at  the  expense  of  gross  feature  characteristics. 

However,  from  the  hardware  Implementation  and  multiple  function  tactical  opera- 
tion viewpoint,  it  represents  an  extentlon  of  current  practice  rather  than 
the  radical  departure  required  by  the  alternate. 

An  example  is  used  to  Illustrate  some  of  the  design  considerations  of  a 
microwave  identifier.  A set  of  general  specifications  are  assumed  and  two 
alternate  designs  are  presented.  3oth  designs  seem  to  be  feasible  and  within 
current  state-of-art.  Obviously,  a much  more  detailed  analysis  would  be 
needed  to  optimize  the  many  tradeoffs  and  evaluate  performance.  Much  of  this 
analysis  could  be  done  by  simulation  on  RADSIM,  WPS  and  OLPARS  (References  10 
and  17).  Some  microwave  scattering  properties  of  aircraft  are  discussed. 

The  assumed  general  radar  system  specifications  are  listed  in  Table  1. 

The  basic  requirements  are  that  the  radar  perform  the  traditional  tactical 
surveillance  radar  functions  of  detection  and  location  as  well  as  the  added 
function  of  identification.  The  ability  to  form  a two-dimensional  Image  of 
the  target  is  taken  as  the  primary  identification  requirement.  The  Implica- 
tions of  these  requirements  and  other  characteristics  of  the  system  will  be 
discussed  as  the  designs  are  developed.  The  radar  principles  outlined  In 
Section  III  are  the  basis  for  calculating  the  design  parameter  values. 


3 GHz  IDENTIFY  WHILE  SCANNING  RADAR 

The  first  design  assumes  that  360  degrees  surveillance  of  a 370  km  radius 
area  must  be  performed  by  the  radar  while  the  identification  is  occurring.  The 
design  parameters  are  listed  in  Table  2.  The  microwave  frequency  of  3 GHz 
was  selected  arbitrarily. 

The  waveform  length  is  set  by  Rmax  and  the  average  rate  of  the  staggered 

pulse  interval  is  set  by  the  maximum  target  velocity.  The  stagger  Interval  code 
length  is  100  units,  limiting  the  pulse  width  to  0.1  usee  to  prevent  overlapping 
of  pulses.  The  range  resolution  sets  the  subpulse  width,  resulting  In  a 15-unit 
pulse  compression  code  length  and  a bandwidth  of  150  MHz. 

As  the  antenna  beam  scans  past  the  target,  several  hits  per  waveform  Interval 
are  desired.  The  scag  to  scan  interval  needs  to  be  properly  spaced  to  acquire 
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the  100  RTI,  0 profiles  over  a reasonable  period  of  time  and  target  rotation  angle. 
The  beam  must  be  narrow  enough  to  give  good  location  Information  and  suppress 
clutter  and  jamming  interference.  A possible  rotating  antenna  design  would  have 
four  parabolic  reflectors  arranged  on  a square  with  four  narrow  2 degree  beams 
at  90  degrees  azimuth  Intervals.  At  33  rpm  rotation  rate,  each  target  would  be 
scanned  2.2  times  per  second,  requiring  45  seconds  to  acquire  the  100  RTI,  0 
profiles  necessary  for  an  image.  Each  beam  would  dwell  on  the  target  for  10  msec, 
producing  four  hits  per  beam  with  subsequent  averaging  to  improve  the  quality 
of  the  resulting  RTI,  0 profiles.  The  doppler  resolution  of  one  waveform  period 
is  400  Hz,  corresponding  to  20  m/sec  (40  kts).  The  velocity  resolution  could  be 
reduced  by  a factor  of  four  by  Integrating  over  the  full  beam  dwell  time  of 
10  msec. 

Neglecting  losses,  but  assuming  no  Integrating  gain  for  the  multiple  hits 
per  beam,  the  integration  over  the  100  pulses  with  a pulse  compression  ratio  of 
15  requires  a peak  transmitted  power  of  25  MW  and  an  average  power  of  100  kW  per 
beam. 

The  block  diagram  of  the  radar  is  shown  In  Figure  5.  Separate  transmitters 
and  receivers  are  provided  for  each  of  the  four  antenna  beams.  A separate 
tracking  matched  filter  Is  provided  for  each  target  assigned  to  the  Identifier. 

All  receivers  would  feed  the  detection  and  target  location  track  functions  of  the 
radar.  The  Image  processing,  classifying  and  identifying  functions  are  software 
and  would  probably  be  in  a multiprocessing  mode. 

The  pulse  Interval  staggering  code  and  Intrapulse  phase  codes  modulate  the 
coherent  3 GHz  source.  The  pulse  train  Is  radiated,  reflected,  and  fed  to  the 
receiver  through  the  rotating  antenna.  Detection  and  tracking  data  are  acquired 
and  displayed  In  conventional  manners.  The  range  and  azimuth  coordinates  of  a 
target  to  be  Identified  are  assigned  to  a tracking  memory.  This  memory  also 
determines  and  remembers  the  doppler  offset  required  for  the  target.  The  target's 
modulation  spectral  data  Is  filtered  out  for  separate  analysis  and  classification. 

The  main  airframe  doppler  line  Is  processed  by  the  matched  filter  to 
produce  the  In  phase  and  quadrature  high  resolution  range-time  (RTI,  0)  profiles 
of  the  target.  An  Interval  Of  100  m (.67  usee)  of  RTI,  0 data  with  a resolution 
of  1 m (6.7  nsec)  Is  recorded  In  memory  after  averaging  over  the  four  hits  of 
that  beam  scan.  Another  beam  scans  the  target  450  msec  later  and  another  RTI,  0 
profile  Is  recorded. After  45  seconds,  100  profiles  have  been  recorded. 

An  Intense  and  stable  peak  In  the  RTI,  0 profiles  Is  Identified  and  used 
as  a phase  reference  point  to  establish  a scan  to  scan  coherence  for  the  phase 
of  the  RTI,  0 profiles.  This  becomes  a separate  pattern  recognition  and  processing 
problem,  but  appears  feasible. 

A Fast  Fourier  Transform  (FFT)  processor  then  transforms  the  aspect  angle 
(sequential  profiles  number)  coordinate  Into  cross  range  dimension  along  each 
slant  range  cell.  If  the  target's  aspect  angle  changed  2.9  degrees  at  a constant 
rate,  a cross  range  resolution  of  1 m results. 


The  two-dimensional  Image,  along  with  other  data  extracted  from  the  radar 
signals  such  as  aspect  angle,  target  modulation  features,  flight  profile  data, 
etc.,  are  fed  to  the  classifier.  The  classifier  proceeds  through  a logical 
sequence  of  narrowing  the  range  of  possible  classes.  Length  and  width,  engine 
count,  rotary  or  fixed  wing,  speed  and  other  readily  determined  features  could 
reduce  the  dimension  of  the  problem  considerably. 

The  most  detailed  classification  would  then  be  made  on  the  basis  of  matching 
Images  at  the  predetermined  aspect  angle.  The  classifier  then  passes  Its  detailed 
classification  to  the  Identifier.  The  Identifier  assimilates  the  classification 
with  all  other  pertinent  information  and  makes  a judgment  on  the  Identity: 
friend,  foe  or  neutral.  The  Identifier  would  probably  require  human  Involvement 
to  handle  the  judgment  factors,  but  all  other  functions  could  be  automatic  and 
In  real  time. 

The  Imaging  process  requires  an  aspect  angle  change  to  develop  cross  range 
images.  Figure  6 shows  the  contours  of  constant  required  acquisition  time  for 
1 m resolution  If  the  target  Is  traveling  at  .5  km/sec  (950  kts).  The  target  Is 
assumed  to  fly  a straight  path  at  a fixed  offset  range.  The  time  Is  least  about 
broadside  and  at  close  range.  There  Is  little  aspect  change  near  nose  and  tall 
aspects  for  an  overflight.  The  image  acquisition  times  will  be  large,  and  cross 
range  resolution  poor  at  near  nose  and  tail  aspects  for  long  ranges.  These  cases 
should  produce  the  best  quality  propulsion  modulation  data,  complimenting  the 
poor  quality  image  data.  Images  will  be  of  their  best  quality  about  broadside 
where  propulsion  modulation  Is  not  available. 


18  GHz  DEDICATED  IDENTIFICATION  RADAR 

The  image  acquisition  time  can  be  reduced  by  decreasing  the  wavelength  for 
a given  resolution.  Therefore,  a higher  frequency  radar  could  be  advantageous. 
Table  3 presents  the  design  parameters  for  an  18  GHz  Identifying  radar.  This 
radar  Is  not  required  -to  perform  standard  surveillance  functions,  but  would  be 
collocated  with  the  surveillance  radar.  An  electronically  steerable  phased 
array  antenna  Is  sequentially  switched  to  up  to  10  targets  within  a sector, 
but  track  Is  maintained  on  each  target. 

The  waveform  length  Is  2.5  msec  to  provide  the  full  370  km  maximum  range. 

The  pulse  repetition  rate  should  be  240  kHz  to  assure  the  full  unambiguous 
velocity  range;  however,  a pulse  stagger  code  of  600  units  would  be  needed, 
requiring  a pulse  width  of  only  1.1  nsec  to  prevent  pulse  overlapping.  Rather 
than  operate  with  such  a large  bandwidth,  an  option  for  a 6.7  nsec  pulse  and  a 
120  kHz  average  PRF  Is  selected.  The  doppler  ambiguity  at  ±1  km/sec  (2000  kts) 
should  not  be  an  excessive  problem  for  a tracking  radar.  The  short  pulse  does 
not  require  subpulse  modulation. 

The  beam  dwells  on  the  target  for  at  least  10  msec  each  scan  cycle  to  assure 
four  hits.  The  scan  cycles  could  vary  according  to  conditions;  but  on  a 10 
target  sequence,  10  RTI,  0 profiles  would  be  acquired  per  second  on  each  target. 

An  image  could  then  be  formed  In  10  seconds.  The  required  acquisition  times  of 
Figure  6 are  divided  by  six  for  the  18  GHz  case.  Classification  and  Identification 
proceed  as  before.  A velocity  resolution  of  3 m/sec  Is  achieved  from  one  waveform 
period,  or  .75  m/sec  (1.5  kts)  for  a full  beam  dwell  period. 


These  radars  are  certainly  more  complex  than  existing  tactical  radars. 

However,  they  appear  to  be  within  current  state-of-art  and  could  offer  Improved 
surveillance  performance  and  ECCM  capability  In  addition  to  providing  the 
identification  function.  The  designs  are  not  necessarily  optimized.  In  depth 
analysis  of  performance  factors  and  operational  requirements  would  be  needed  to 
firm  up  a recommended  design.  They  do  provide  a basis  for  comparison  of  two  approaches 
One  would  be  to  increase  the  complexity  of  a scanning  surveillance  radar  to  add 
the  Identification  capability.  The  other  approach  is  to  provide  dedicated 
auxiliary  tracking  radars  to  provide  the  identification  function.  Either  approach 
could  be  viable;  the  selection  would  require  a detailed  systems  analysis. 

Another  alternative,  which  would  probably  take  the  form  of  an  auxiliary  radar, 
is  discussed  in  Section  VI. 

The  microwave  region  scattering  properties  of  aircraft  targets  need  to  be 
discussed  in  terms  of  classification  features.  A great  deal  of  effort  has  been 
expended  on  the  analysis  of  scattering  (References  4,  5,  18  - 23).  Much  under- 
standing of  the  scattering  mechanisms  has  resulted,  but  the  ability  to  reliably 
predict  the  radar  cross  section  (RCS)  of  an  aircraft  at  microwave  frequencies 
is  still  an  elusive  art  (Krueger  and  Mentzer,  Reference  5).  Experimental  methods 
prevail  for  determining  and  disecting  the  short  wavelength  RCS  of  aircraft. 

Most  of  the  comments  that  follow  are  based  upon  recollections  of  15  years  of 
experience  in  RCS  signature  analysis  and  reduction  research.  Only  generalities 
can  be  stated,  as  specifics  become  classified.  Reference  23  presents  detailed 
discussion  of  many  of  these  topics. 

The  microwave  scattering  from  aircraft  is  aspect  dependent.  A region  within 
±30  degrees  of  the  roll  plane,  the  plane  perpendicular  to  the  direction  of  flight, 
is  usually  dominated  by  specular  reflections  from  the  fuselage,  wing  and  empennage 
surfaces.  These  are  relatively  easily  and  accurately  calculated  from  geometrical 
optics  theory.  However,  the  remainder  of  the  aspect  sphere  is  dominated  by 
combinations  of  scatterers  that  are  not  easily  modeled. 

Returns  from  the  engine  inlet  cavities,  nose  radar  compartment,  cockpit 
and  other  sensor  bays  usually  dominate  forward  aspects.  Exhaust  nozzle  cavities 
generally  dominate  tall  aspects.  Each  of  these  scatterers  presents  peculiar 
scattering  situations.  The  incident  energy  enters  the  Inlet  ducts,  experiences 
multiple  reflections,  scattering  by  the  rotating  engine  compressor  or  fan  blades, 
more  reflections  and  reradiation.  The  nose  radar  compartment,  visible  through 
the  radar  transparent  radome,  is  a difuse  arrangement  of  scattering  objects, 
sometimes  dominated  by  a large  scanning  antenna  capable  of  reflecting  very 
intense  signals.  Other  breaks  in  the  streamlined  conducting  skin,  such  as  the 
cockpit,  armament  or  sensor  bays,  protruding  sensors,  cooling  air  ducts,  etc., 
become  scattering  centers.  General  planform  silhouette  features,  such  as  wing 
leading  and  trailing  edges,  fuselage  or  nacelle  edges  or  empennage  surfaces  will 
not  contribute  significantly  to  the  reflections  unless  they  are  viewed  at  a 
direction  perpendicular  to  an  edge  or  surface. 

Scattering  from  control  surface  discontinuities,  surface  undulations  and 
other  minor  scattering  centers  exist  but  are  usually  at  too  low  a level  to  be 
o*  significance  in  a first  order  classification  problem. 


Although  the  dominant  scatterers  are  difficult  to  theoretically  analyze, 
they  are  distinctive  features  of  an  aircraft.  The  locations  of  engines,  cockpit 
and  sensor  bays  could  be  more  revealing  than  a silhouette.  It  could  permit  sub- 
classification within  a type  of  aircraft.  The  sensor  bay  distribution  of  a 
reconnaissance  version  should  be  distinctive  from  that  of  an  attack  version  of 
the  same  aircraft  type.  There  are  also  some  possibilities  that  methods  of  scene 
analysis  could  extract  these  differences  without  cell  by  cell  matching  to 
reference  Images. 

The  ability  to  suppress  and  camouflage  these  scattering  centers  Is  an 
obvious  countermeasure.  Techniques  for  effecting  this  countermeasure  are 
discussed  in  Reference  23. 

A conceptual  sketch  of  a radar  Image  is  shown  In  Figure  5.  The  two  engine 
ducts,  nose  radar  compartment,  and  cockpit  are  assumed  to  be  the  dominant 
scatterers.  Minor  reflections  from  the  starboard  wing  leading  edge,  stabilizer, 
and  fuselage-wing  join  could  also  exist  at  this  aspect  angle.  The  major  feature 
of  the  image  would  be  the  relative  intensity  and  spacing  of  the  engine,  nose  and 
cockpit  spots,  along  with  some  length,  wingspan  and  wing  sweep  information.  The 
aspect  angle  would  be  known  approximately  from  the  ground  track  vector. 

While  microwave  radar  signature  of  aircraft  are  very  difficult  to  calculate 
from  the  mathematical  model  approach,  the  estimating  of  the  general  features  of 
a two-dimensional  radar  image  is  conceivable.  After  gaining  some  experience,  an 
analyst  should  be  able  to  identify  the  location  and  image  qualities  of  an  air- 
craft from  only  a few  pages  of  drawings  and  specifications.  The  alternative  is 
to  measure  the  high  resolution  signature  of  the  aircraft  and  extract  the  features 
to  be  used  in  the  classifier.  Reasonable  success  with  the  extraction  of  features 
such  as  number  of  peaks  (target  complexity),  target  length,  peak  RCS  and  polariza 
tion  sensitivity  from  short  pulse  backscatter  range  measurements  of  space  objects 
is  reported  in  Reference  16.  The  more  traditional  approach  of  aircraft  signature 
math  modeling  (Reference  18)  has  been  extended  to  the  high  resolution  case  and 
even  to  imaging  in  Reference  16.  The  major  deficiency  of  this  work  is  the 
difficulty  of  modeling  the  non-specular  scattering  centers.  Additional  research 
directed  toward  the  scene  analysis  and  prediction  of  two-dimensional  radar  images 
of  aircraft  could  prove  productive  both  in  the  classifier  design  and  training 
set  generation  problems.  Experimental  validation  would  be  an  essential  phase 
of  this  research. 


TABLE  1.  General  Requirements  for  the 
Microwave  Radar  Identifier 


Maximum  Unambiguous  Range 

Maximum  Unambiguous  Velocity 

Range  Resolution 

Velocity  Resolution 
« 

Image  Size  and  Resolution 
Sensi tivi ty 


370  km  (200  n.  mile) 

±1  km/sec  (±2000  kts) 

1 m (3  ft.) 

5 m/sec  (10  kts.) 

100  x 100  m with  1 x 1 m res. 
13  dB  S/N  vs.  0.1  m2  0 max.  R 


TABLE  2.  Design  Parameters  for  3 GHz  Identify 
While  Scanning  Radar 


Waveform  length  (Td) 

Pulse  repetition  Interval,  average  (Tc) 
Pulse  repetition  code  length  (Nr) 

Pulse  Width  (Tb) 

Subpulse  width  (Ta) 

G 

Bandwidth  (B) 

Pulse  compression  code  length  (Np) 
Antenna 

Dwell  time  per  beam 
Scan  Rate 

Transmitter  power  (per  beam) 


2.5  msec  (400  Hz) 

25  usee  (40  kHz) 

100 

.1  usee 
6.7  nsec 
150  MHz 
15 

Four  2°  az.  by  6°  el.  parabolic 
reflectors  at  90°  az.  intervals 
(3.5m  square)  rotating  at  33  rpm. 
35  dB  gain. 

10  msec 

2.2  scans/sec 

Peak:  25  MW 

Average:  100  kW 
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TABLE  3. 


Design  Parameters  for  18  GHz 
Dedicated  Identification  Radar 


Waveform  length  (T^ ) 

2.5  msec  (400  Hz) 

Pulse  repetition  interval,  average  (Tc) 

8.3  usee  (120  kHz) 

Pulse  repetition  code  length  (Nr) 

300 

Pulse  width  (Tb) 

6.7  usee 

Subpulse  width  (T  ) 

a 

6.7  usee 

Bandwidth  (B) 

150  MHz 

Pulse  compression  code  length 

1 

Antenna 

1°  pencil  beam  electronically 
scanned  within  30°  sector, 
sector  mechanically  scanned 
10  targets  assigned  per  antenna. 

Dwell  time  per  scan 

10  msec 

Scan  rate 

10  scans/sec 

Transmitter  power 

Peak:  32  MW 

Average:  26  kW 

V'l.  OTHER  RADAR  IDENTIFICATION  APPROACHES 

Most  of  the  open  literature  on  radar  target  identification  concentrates  on 
the  low  frequency  approach.  This  approach  has  evolved  from  research  at  Ohio 
State  and  has  been  applied  to  the  identification  problem  in  three  distinct 
feature  extraction  modes.  The  approaches  have  been  demonstrated  in  laboratory 
environments  with  small  class  ranges.  The  major  disadvantage  of  the  approach  is 
in  hardware  Implementation  of  a system  suitable  for  tactical  operation.  This 
approach  is  summarized  and  some  other  related  topics  are  discussed  in  this  section. 

The  basis  for  much  of  the  low  frequency  theory  is  the  impulse  response  or 
time  domain  concept  of  scattering  documented  in  Reference  4.  The  frequency 
domain  emphasis  is  on  the  upper  Rayleigh  and  lower  resonance  regions  where  the 
wavelength  ranges  from  about  four  times  to  1/2  of  the  characteristic  target 
dimension.  The  scattering  Is  strongly  dependent  upon  target  features  such  as 
volume,  shape  and  aspect  ratios  at  these  frequencies. 

Ksienski,  Lin  and  White  present  a straightforward  approach  to  target  Identifi- 
cation from  low  frequency  scattering  information  in  Reference  24.  The  magnitude 
and  phase  of  the  reflected  signal  at  harmonically  related  frequencies  (f^,  2f-| , 


3f^ , — nf^)  define  the  feature  space  used.  Linear  discriminants  could  be  found 

for  simple  shapes,  but  a more  robust  classification  algorithm  was  needed  for 
aircraft.  A nearest  neighbor  method  with  a priori  aspect  angle  interval  informa- 
tion was  shown  to  be  effective  for  a four  class  aircraft  classification  using 
feature  vectors  of  4 to  16  components.  Although  classification  was  achieved  in 
low  noise  cases  with  as  few  as  two  frequencies,  reliable  classification  for  larger 
class  ranges  and  noisy  environments  would  require  more  frequencies  and  multiple 
polarization  modes.  Frequencies  as  low  as  10  MHz  would  be  required  for  aircraft 
targets.  An  advantage  of  the  low  frequency  approach  is  that  training  set  feature 
may  be  calculated  from  mathematical  models  (Reference  22)  rather  than  measured 
data. 


A time  domain  Imaging  approach  has  been  developed  by  Young  (References 
25  - 27).  The  ramp  response,  whose  second  derivative  is  the  impulse  response, 
has  been  shown  to  have  a strong  similarity  to  the  area  profile  of  a target. 

The  area  profile  is  the  physical  cross  sectional  area  of  target  in  a plane 
perpendicular  to  the  direction  of  incidence  as  a function  of  range,  or  range-time, 
in  the  incidence  direction.  Physical  optics  predict  the  exact  correlation 
between  the  area  profile  and  ramp  response  for  the  illuminated  portion  of  the 
target.  It  has  been  experimentally  observed  that  the  relation  extends  into  the 
shadow  region  with  reasonable  accuracy. 

The  knowledge  of  the  ramp  response  defines  an  approximate  area  profile  In 
the  corresponding  direction.  If  the  ramp  response  is  determined  for  several 
directions,  a synthetic  three-dimensional  Image  of  the  target's  shape  can  be 
deduced  from  Intersections  of  the  area  profile  functions.  Good  results  have 
been  obtained  for  simple  symmetrical  shapes. 

Since  ramps  are  not  propagated  and  their  responses  cannot  be  directly 
measured,  the  ramp  response  must  be  synthesized.  Let  G(w)  be  the  complex 
scattering  length  of  a target  for  a sinusoidal  carrier  at  angular  frequency  w. 

A Fourier  series  synthesis  of  the  response  to  any  waveform  aft)  is  given  through 
convolution  as 

f(t)  = 2 AnG(nwo)ejnWot 
n*l 


where  An  are  the  Fourier  coefficient  of  a ( t ) : 

a(t)  = 2 Anejnw°t 
n=-N 


N should  be  as  large  as  possible  and  wQ  < 2*.  where  T is  the  maximum  duration 

of  f(t).  For  an  impulse,  An  = 1 for  all  n;  for  a step  function,  An  * l/jnw0; 
and  for  a ramp  function  Ap  = l/(jnwQ)  . The  Impulse  response  of  a sphere  has 


effectively  decayed  In  a time  comparable  to  the  propagation  time  of  15  diameters, 
or  wQ  < C/5D  or  xQ  > 10i»D.  The  sharpness  of  the  pulses  and  square  corners 

of  the  synthesized  waveform  increase  with  increasing  N. 

The  Ohio  State  approach  has  been  to  synthesize  the  ramp  response  for  a 
target  from  measurements  of  the  complex  scattering  lengths  at  harmonically 
related  frequencies.  Ten  terms  are  usually  used  beginning  with  A0  s=  3D,  or 
w0  ^ 2uC/3D.  A ten-frequency  phase  and  magnitude  radar  measurement  system  has 
been  developed  for  laboratory  use. 

Three  levels  of  feature  extraction  are  possible  from  the  synthesized  ramp 
response.  The  integral  of  the  ramp  response  is  related  to  the  Rayleigh  scattering 
coefficient  which  is  related  to  volume.  As  discussed  earlier,  the  ramp  response 
waveform  is  related  to  the  area  profile  function.  Thirdly,  multiple  area 
profiles  may  be  used  to  synthesize  a three-dimensional  Image. 

Another  method  of  discrimination  from  ramp  response  data  has  been  reported 
by  Moffatt  and  Mains  (References  28  and  29).  The  pole  locations  on  the  complex 
frequency  plane  Is  a frequently  used  concept  to  describe  the  natural  frequencies 
of  a lumped  parameter  filter.  The  response  of  a scatterer  Is  not  unlike  that 
of  a filter,  and  It  also  may  be  characterized  by  Its  natural  frequencies.  The 
natural  frequencies  of  a scatterer  are  considered  to  be  Independent  of  excita- 
tion direction  or  polarization.  Obviously,  the  response  Is  dependent  on  the 
excitation  direction  and  polarization.  This  dependence  may  be  related  to  the 
zeros  of  the  pole-zero  transfer  function  representation. 

A linear  difference  equation  is  used  as  a predictor  operating  on  the  ramp 
response  waveform.  The  predictor  uses  a set  of  natural  frequencies  and  several 
previous  values  of  the  measured  ramp  response  waveform  to  predict  the  future 
values  of  the  waveform.  If  the  correct  natural  frequencies  were  used,  the 
predicted  and  measured  waveforms  will  correlate  well. 

t' 

A classification  algorithm  can  be  developed  to  assign  the  target  to  the 
class  whose  predicted  waveform  correlates  best  with  the  measured  waveform. 

The  ramp  response  must  be  synthesized  from  harmonic  frequency  scattering  measure- 
ments as  discussed  before.  The  aspect  angle  independence  of  the  natural 
frequencies  and  their  compactness  in  feature  space  are  major  advantages  of 
this  approach.  This  method  has  proven  useful  in  extracting  ground  targets 
from  clutter  and  has  been  demonstrated  for  a two-class  aircraft  problem.  It 
has  been  suggested  that  aircraft  discrimination  could  be  performed  with  120 
and  180  MHz  pulse  radars  using  20  MHz  amplitude  modulation,  giving  the  6 
through  10  th  harmonics  of  a 20  MHz  fundamental. 

An  alternate  identification  method  based  upon  estimating  the  natural 
resonances  of  a target  has  been  proposed  by  Bernl  (Reference  30).  The  concept 
is  based  upon  the  hypothesis  of  Marin  (Reference  31)  that  the  transient 
response  of  a target  can  be  expressed  as  an  infinite  summation  of  simple  pole 
responses.  A random  modulation  code  would  be  imposed  on  the  radar  pulses.  The 
imnulsive  responses,  corresponding  to  specular  geometrical  optics  returns, 
would  be  stripped  from  the  scattered  waveform.  The  remaining  "late  returns" 
response  contains  the  natural  resonance  information.  The  natural  resonance 
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pole  locations  are  extracted  through  a matrix  analysis  eigenvector  procedure. 

The  pole  locations  are  the  features  used  for  classification.  The  implementation 
of  this  method  is  not  well  defined,  but  it  could  have  applications  to  microwave 
radar. 

The  classification  of  targets  by  polarization  properties  has  been  discussed 
by  Copeland  (Reference  32).  Apparently  the  concept  has  not  been  exploited  since 
its  publication  over  15  years  ago.  The  possibility  of  extracting  useful  feature 
information  from  polarization  properties  of  a target  could  be  implemented  with 
little  additional  radar  hardware.  The  characteristic  patterns  produced  by  a 
rotating  linearly  polarized  radar  antenna  would  be  the  basis  of  feature  extrac- 
tion, along  with  the  fact  that  the  polarization  properties  of  any  target  can  be 
represented  by  an  equivalent  sphere  and  linear  target. 

The  concept  of  inverse  scattering  is  an  interesting  conjecture.  Lewis 
(Reference  33)  has  shown  very  concisely  and  elegantly  that  if  backscatterlng 
exactly  obeyed  the  laws  of  physical  optics,  which  it  does  not,  that  a compact 
transform  relationship  exists  between  the  physical  shape  of  a conducting  convex 
body  and  the  scattered  fields.  He  is  able  to  limit  the  quantity  of  scattering 
data  required  for  a transformation  into  the  shape  domain.  The  futility  of  this 
approach  has  been  discovered  by  Tabbara  (References  34  and  35)  in  working  with 
a sphere.  The  concept  is  powerful,  but  the  limited  domain  of  accuracy  of  the 
physical  optics  approximation  emasculates  its  utility.  The  ramp  response  imaging 
methods  of  Young  result  in  an  approximation  to  inverse  scattering  in  a related 
manner  that  has  proven  useful . 

While  these  approaches  have  certainly  made  a valuable  contribution  to  radar 
target  identification  research  and  have  utility  for  many  applications,  they  do 
have  some  serious  limitations  for  the  tactical  aircraft  identification  applica- 
tion. The  upper  Rayleigh  - lower  resonance  region  extracts  feature  related  to 
size  and  general  shape.  Classification  between  broad  classes  may  be  effected 
with  these  features,  but  the  accuracy  needed  to  discriminate  between  aircraft 
within  a broad  class  may  be  difficult  to  obtain.  Concave  shape  details  such  as 
engine  ducts  and  sensor  bays  are  suppressed  in  the  low  frequency  scattering. 
Propulsion  modulation  datq  for  all  except  propeller  driven  and  rotary  wing  air- 
craft will  be  suppressed.  The  hardware  implementation  of  a transportable 
tactical  radar  presents  some  major  problems.  An  antenna  capable  of  360  degrees 
coverage  with  adequate  angular  resolution,  ECCM  capability  and  low  altitude 
long  range  performance  could  be  a major  design  problem.  The  dispersion  of 
atmospheric  propagation  effects  over  the  wide  percentage  bandwidth  required  may 
seriously  degrade  the  accuracy  of  the  essential  phase  measurements.  It  is 
questionable  if  the  identification  radar  could  also  perform  the  traditional 
detection  and  location  functions. 

The  low  frequency  approach  has  some  definite  advantages,  however.  The 
compactness  of  feature  space,  particularly  with  the  natural  resonance  methods, 
limits  the  classifier  to  a manageable  size.  The  feasibility  of  constructing 
the  training  set  from  mathematical  models  is  also  attractive.  Radar  cross 
section  reduction  countermeasures  are  ineffective  in  this  part  of  the  spectrum. 
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Perhaps  an  analogy  is  the  best  way  to  sunmarize  the  differences  between 
the  low  frequency  and  microwave  approaches  to  the  aircraft  identification 
problem.  Assume  you  were  given  a set  of  coins  and  asked  to  classify  and  identify 
the  nationality  of  each.  You  have  two  choices  of  approach: 

1.  You  are  blindfolded  but  may  hold  the  coins  In  your  fingers 
and  feel  their  size,  shape,  and  surface  texture. 

2.  The  coins  are  placed  across  a dark  room  and  you  may  only 
view  them  at  one  aspect  through  a low-power  telescope 
with  a directional  collocated  light  source.  The  size  is 
not  as  easily  gaged,  but  the  possibility  of  reading  some 
of  the  fine  detail  markings  exists. 

Neither  situation  is  optimum;  you  would  like  the  advantages  of  both.  Coin- 
operated  vending  machines  work  on  the  first  principle.  Store  clerks  and  bank 
tellers  work  on  the  second  principle.  The  coin  collector  uses  both.  The  first 
approach  is  analogous  to  the  low  frequency  method,  and  the  latter  corresponds 
to  the  high  frequency  approach.  Which  is  better? 


VII.  CONCLUSIONS  AND  RECOMMENDATIONS 

The  feasibility  of  performing  classification  and  identification  of  aircraft 
in  a tactical  environment  appears  good.  The  problem  is  non-trivial  and  100 
percent  accuracy  In  all  situations  should  not  be  expected.  The  advantages  of 
even  an  Imperfect  system  should  be  of  great  benefit  to  the  information  flow  of 
a command  operation  and  should  be  sufficient  motivation  for  Its  Implementation. 

There  are  two  basic  approaches  to  the  radar  sensor  problem.  One  Is  the 
"low  frequency"  approach  and  has  been  researched  in  some  depth  at  Ohio  State 
University.  A 10  frequency  laboratory  radar  has  been  used  to  demonstrate  classlfi 
cation  of  aircraft  ^or  up  to  a four  class  problem.  There  are  serious  questions 
about  the  feasibility  of  a tactically  operational  radar,  however. 

The  second  approach  uses  microwave  radar  with  high  resolution  waveforms 
and  signal  processing  to  extract  target  details.  Radars  capable  of  this  function 
are  more  sophisticated  than  current  tactical  radars,  but  well  within  the 
state-of-the-art.  Special  purpose  radar  installations  have  demonstrated  the 
feasibility  of  the  approach. 

There  are  two  major  pattern  recognition  problems  In  the  aircraft  Identifica- 
tion process.  One  is  the  selection  of  the  best  feature  space  and  methods  of 
mapping  easily  acquired  data  Into  that  space.  The  other  is  the  acquisition  of 
reference  or  training  data  that  defines  the  numerous  classes  of  targets.  The 
low  frequency  versus  microwave  sensor  decisions  have  major  Impact  on  these 
problems. 

The  microwave  approach  appears  better  for  the  near  term  implementation 
af  a tactical  aircraft  identifier.  A radar  to  perform  this  function  could  be 
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designed  today.  There  are  some  major  questions  that  need  further  research, 
and  the  design  task  would  require  the  application  of  the  most  modern  simulation, 
design  and  analysis  methods. 

An  approach  to  the  design  can  be  recommended . The  detailed  plan  will  be 
more  complex  and  considers  many  other  systems  management  factors,  but  the 
technical  plan  could  follow  this  course  of  action: 

1.  Establish  several  preliminary  design  approaches 
working  from  general  systems  performance  specifica- 
tion. Section  V is  an  abbreviated  example. 

2.  Evaluate  and  optimize  these  designs  using  simula- 
tion methods  such  as  WPS,  OLPARS  and  RADSIM.  Gather 
and  use  experimental  data  whenever  feasible. 

3.  Select  the  best  approach  and  proceed  into  design  and  prototype 
evaluation  and  test. 

Along  with  these  rather  straightforward  radar  design  tasks,  a parallel  but 
closely  coupled  pattern  recognition  design  must  be  developed. 

Several  smaller  research-oriented  problems  have  been  suggested  during  this 
study.  They  are: 

1.  Could  a learning  mode  be  feasible  in  a classifier, 
where  the  operational  radar  would  observe  identified 
targets  and  store  their  processed  features  in  its 
reference  file? 


2.  What  effect  does  the  modulation  spectrum  of  time  varying 
target  effects,  such  as  propulsion  component  move- 
ment, rotary  wings,  scanning  antennas,  aerodynamic 
undulations  of  the  airframe  and  control  surface  motion 

have  on  the  coherent  signal  processing  and  two- 
dimensional  image  quality? 

3.  Can  scan  to  scan  phase  coherence  of  RTI,  0 profiles 
be  approximated  by  identifying  and  referencing  phase 
to  a stable  and  intense  scattering  center? 

4.  Can  a practical  and  accurate  method  of  image  estimation 
and  scene  analysis  be  developed  for  the  microwave 
signature  characteristics  of  aircraft? 
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COHERENT  RADAR  SYSTEM  BLOCK  DIAGRAM 


LINEAR  SYSTEM  THEORY  ANALYSIS 
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CONFIDENCE  INTERVALS  FOR  LIFE  CYCLE  COST  ANALYSIS 

by 

H.  A.  WIEBE 
ABSTRACT 

The  Department  of  Defense  has  increasingly  been  faced  with  the 
problem  of  restricted  budgets  and  increasing  costs  of  hardware  acquisi- 
tion and  ownership.  This  situation  has  dictated  an  increased  emphasis 
on  cost  control  efforts  to  insure  that  maximum  value  is  received  for 
every  dollar  expended.  One  of  the  major  techniques  used  to  achieve  cost 
effectiveness  in  its  hardware  acquisition  programs  is  the  use  of  Life 
Cycle  Cost  ( LCC ) procedures.  These  procedures  call  for  estimates  to  be 
made  of  the  total  cost  to  the  Government  of  acquisition  and  ownership  of 
a .system  over  its  full  life.  LCC  estimates  must  first  be  made  during  the 
early  part  of  a system's  life  cycle  and  as  a result  are  often  based  on 
very  little  firm  data. 

A review  of  existing  LCC  models  and  the  role  they  played  in  the  systems 
acquisition  process  was  undertaken  during  this  ten  week  study.  The  impact 
of  uncertainty  on  model  output  and  the  decision-making  process  was  qualita- 
tively analyzed.  This  study  recommends  that  the  uncertainty  associated  with 
the  input  data  used  for  making  LCC  projections  be  reflected  in  the  overall 
LCC  estimate  by  using  a Monte  Carlo  simulation  model.  Desirable  character- 
istics of  a Monte  Carlo  simulation  model  for  use  in  LCC  analyses  has  been 
outlined.  Further,  it  is  recommended  that  the  output  of  this  simulation 
model  be  in  the  form  of  a probability  distribution  describing  LCC  and  that 
confidence  intervals  bp  established  to  quantify  the  uncertainty  associated 
with  the  estimate. 
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1.  OBJECTIVE 


The  objective  of  this  ten  week  study  was  to  initiate  the 
development  of  a probabilistic  life  cycle  cost  model  that  would 
permit  confidence  intervals  to  be  established  around  an  estimate 

of  life  cycle  cost.  ’ 
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2.1  General  Background. 

The  Department  of  Defense  has  increasingly  been  faced  with  the 
problem  of  restricted  budgets  and  escalating  costs  of  hardware  acquisi- 
tion and  ownership.  This  situation  has  dictated  a greater  emphasis  on 
cost  control  efforts  to  insure  that  maximum  value  is  received  for 
every  dollar  expended.  One  of  the  major  techniques  used  to  achieve  cost 
effectiveness  in  its  hardware  acquisition  programs  is  the  use  of  Life 
Cycle  Cost  (LCC)  procedures.  The  Department  of  Defense  Directive 
Number  5000.28,  23  May  75,  and  Air  Force  Regulation  800-11,  3 August  73, 
establish  policy  and  guidance  in  the  area  and  have  provided  the  impetus 
for  inclusion  of  LCC  provisions  in  recent  hardware  acquisition  contracts. 

The  LCC  of  a system  is  defined  as  the  total  cost  to  the  Government 
of  acquisition  and  ownership  of  that  system  over  its  full  life.  It 
includes  the  cost  of  research  and  development,  production,  operation, 
support,  and  where  applicable,  disposal.  The  general  magnitude  and  time- 
phasing of  these  costs  for  Air  Force  systems  are  shown  in  Figure  1 below. 
The  total  time  span  often  exceeds  a ten  year  period.  Use  life  is  usually 
taken  ns  10  years  alone.  When  R&D  and  production  time  are  added,  the  time 
period  will  exceed  10  years. 


Figure  1.  Time  Distribution  of  Life  Cycle  Costs 
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There  is  a great  need  to  achieve  visibility  of  costs  in  all  the 
above  categories  during  early  design  stages  of  a project,  yet  problems 
exist  to  prevent  the  easy  attainment  of  this  goal.  These  problems  are 
created  by  the  interrelationships  that  exist  among  the  various  design 
and  operational  characteristics  of  the  equipment,  the  time  span  of  the 
projects,  the  variety  of  controlling  and  using  government  agencies,  and 
the  funding  mechanisms  used  to  generate  money  for  the  development, 
acquisition  and  support  of  various  systems.  The  use  of  LCC  procedures 
is  seen  as  a way  of  overcoming  some  of  these  problems  by  providing  a 
means  of  estimating  and  quantifying  the  total  cost  incurred  by  a system 
in  its  lifetime.  A clearer  view  of  the  contributions  made  by  LCC  analysis 
can  be  obtained  by  briefly  examining  the  systems  development  and  acquisition 
process  with  respect  to  the  role  played  by  LCC. 

2.2  Role  of  LCC  in  Systems  Acquisitions  and  Development. 

There  are  four  generally  recognized  phases  in  the  equipment  develop- 
ment and  acquisition  process.  These  are  the  conceptual,  validation,  develop- 
ment, and  production  phuscs.  Comprehensive  reviews  take  place  after  each 
of  the  first  three  phases  at  which  time  previous  work  is  examined  along 
with  projections  of  future  alternatives.  A decision  is  made  at  the  end  of 
each  review  as  to  whether  or  not  to  proceed  to  the  next  phase.  At  the 
systems  level  these  reviews  are  conducted  by  the  Defense  Systems  Acquisition 
Review  Council  (DSARC).  This  process  is  illustrated  in  Figure  2. 
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During  the  conceptual,  validation,  and  development  phases  of  an 
equipment's  life  cycle,  decisions  impacting  various  equipment  design 
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parameters  (such  as  reliability  and  maintainability)  are  constantly  being 
made.  These  decisions  often  have  an  impact  on  cost  that  carries  into  the 
operational  phase  of  the  equipment.  The  magnitude  of  this  impact  becomes 
apparent  when  one  considers  the  fact  that  over  50^  of  the  total  life 
cycle  cost  is  frequently  due  to  operation  and  support  costs  alone  ( see 
Figure  1).  Further,  it  has  been  pointed  out  (1)  that  about  70%  of  the 
decisions  which  influence  or  dictate  these  ownership  costs  are  made  in 
the  very  early  stages  of  the  equipment's  life  cycle.  In  view  of  this,  it  is 
only  logical  that  one  of  the  criteria  used  in  making  design  decisions  should 
be  the  design's  impact  on  life  cycle  costs. 

The  validity  of  LCC  as  a decision-making  criteria  has  been  recognized 
and  it  is  for  this  reason  that  DOD  Directive  5000.28  states  that  an  initial 
Design  to  Cost  goal  shall  be  established  before  program  initiation  (DSARC 
Milestone  I ) or  at  the  earliest  possible  date  thereafter,  but  in  no  case 
later  than  entry  into  full-scale  development  (DSARC  Milestone  II  in  Figure  2). 
Establishment  of  this  design  to  cost  goal  requires  that  a LCC  analysis  be 
conducted  in  order  to  insure  that  adequate  consideration  is  given  to  future 
operating  and  support  costs  during  design  formulation. 

Early  use  of  LCC  analyses  is  also  recommended  by  the  Joint  AFSC/AFLC 
Commanders'  Working  Group  on  Life  Cycle  Cost  (4).  They  say  that  a LCC  analysis 
should  be  made  during  the  conceptual  phase.  The  Group  states  that  the 
analysis  should  be  quantitative  where  possible  but,  as  a minimum,  at  least 
contain  the  qualitative  life  cycle  coot  implications  of  identified  alternatives. 
In  addition,  it  is  recommended  that  this  information  be  broken  out  to  the 


16-7 


I 


I 


I 


Mi SB! 


third  work  breakdown  structure  level  (i.e.,  airframe,  propulsion  system, 
avionics)  if  feasible.  It  is  felt  by  the  Group  that  such  an  analysis  is 
necessary  to  properly  evaluate  the  financial  impact  of  potential  design 
trade-offs . 

To  meet  this  need,  a large  number  of  LCC  models  have  been  developed 
since  the  early  1960's  by  contractors  and  government  personnel  in  all 
branches  of  the  service.  As  of  1968,  the  Army  had  developed  at  least  27 
automated  cost  models  and  a more  recent  study  by  Rand(^)  summarizes 
46  models  applicable  to  Air  Force  cost  analysis  situations.  The  Rand  study 
indicates  that  its  sample  of  46  models  represents  only  one-third  to  one-half 
of  the  available  models.  Most  of  these  are  models  that  have  been  developed 
to  help  analyze  specific  acquisitions,  but  some  are  more  general  and  are 
intended  for  broader  application. 

3.  TYPES  OF  EXISTING  LCC  MODELS 

As  indicated  by  the  earlier  referenced  Rand  and  Army  surveys,  there  are 
many  LCC  models  available.  These  models  take  many  forms  and  serve  a variety 
of  purposes.  Some  of  the  surveyed  models  are  not  true  LCC  models  in  the 
sense  that  they  fail  to  cover  the  entire  life  cycle  of  an  equipment  item. 

Others  cover  only  a portion  of  the  costs  associated  with,  an  equipment  item. 
Terminology  also  changes  greatly  from  model  to  model  along  with  the  data 
inputs  required.  These  differences  often  create  difficulty  in  the  selection 
of  the  proper  model  to  use  for  analysis  purposes. 

The  Joint  AFSC/AFLC  Commanders'  Working  Group  on  Life  Cycle  Cost  has 
attempted  to  clarify  the  situation  by  classifying  existing  LCC  models 
based  primarily  on  the  type  of  use  for  which  each  model  was  initially  designed. 
These  classifications  are: 
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1.  Accounting  Models 

2.  Economic  Analysis  Models 

3.  Cost  Estimating  Relationship  Models 

4.  Reliability  Improvement  Cost  Models 

5.  Level  of  Repair  Analysis  Models 

6.  Maintenance  Manpower  Planning  Models 

7.  Inventory  Management  Models 

8.  Warranty  Models 

This  classification  scheme  is  somewhat  arbitrary  and,  at  times,  the 
categories  overlap.  However,  they  do  provide  a framework  that  can  be  used 
to  help  describe  existing  modeling  work  that  has  been  done  in  the  life  cycle 
cost  ureu.  Each  of  the  above  categories  is  briefly  discussed  below. 

Accounting  models  are  perhaps  the  most  common  type  of  model  to  be 
found.  They  typically  sum  costs  in  different  categories  such  as  spares, 
maintenance,  etc.,  to  arrive  at  a grand  total  life  cycle  cost.  Some 
models  accumulate  costs  at  the  general  systems  level  while  others  accumulate 
costs  for  individual  "First  Line  Units."  Typical  examples  would  be  the 
"Logistics  .Support  Cost  Model"  (7)  and  the  "Cost  Analysis  Cost  Estimating 
Model"  (8). 

Economic  analysis  models  compare  program  life  cycle  costs  in  terms 
of  the  present  value  or  future  value  of  the  dollars  involved.  They  are 
typically  applied  to  situations  where  one  must  decide  whether  or  not  to 
spend  funds  in  early  years  to  achieve  savings  in  later  years.  An  example 
of  such  a model  is  one  called"Research  into  the  Economics  of  Design  and 
User  Cost  Effects"  (9). 

Cost  estimating  relationship  models  express  cost  as  a function  of 
system  parameters  such  as  weight,  utilization,  or  reliability.  Statistical 
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regression  is  used  to  fit  cost  data  from  existing  or  similar  systems 
to  descriptive  data  associated  with  the  equipment  under  study.  These 
types  of  models  have  been  used  extensively  in  estimating  acquisition  costs 
but  have  seen  only  limited  use  in  estimating  total  life  cycle  costs  or 
operating  and  support  costs.  An  example  of  such  a model  is  the  work  done 
by  General  Electric  Co.  for  RADC  (10)  to  provide  a basis  for  estimating 
costs  of  reliability  design  programs. 

Reliability  improvement  cost  models  are  specifically  designed  to 
address  the  relationship  between  equipment  reliability  and  cost.  These 
models  are  useful  in  helping  to  determine  how  much  money  should  be  budgeted 
to  attain  given  levels  of  equipment  reliability  and  can  also  help  determine 
the  level  of  reliability  that  will  minimize  life  cycle  costs.  An  example 
(in  addition  to  the  one  by  General  Electric  (10)  cited  immediately  above) 
is  described  in  Models  and  Methodology  for  Life  Cycle  Cost  and  Test  and 
Evaluation  Analyses  (11). 

Level  of  repair  analysis  models  help  determine  the  proper  level  of  repair 
to  be  used  on  equipment  under  development  to  minimize  life  cycle  costs. 

Level  of  repair  models  seek  an  answer  to  the  question  of  whether  it  is  less 
costly  to  (a)  discard  at  failure,  (b)  repair  at  the  base  or,  (c)  repair 
at  the  depot.  Some  models  address  this  question  from  a single  item,  single 
indenture  point  of  view  while  other  take  a more  comprehensive  approach  and 
address  it  from  a multi-indenture  or  a systems  viewpoint.  An  example  of  a 
single  item,  single  indenture  model  is  the  "Optirum  Repair  Level  Analysis 
Model"  used  by  AFLC  ft  AFSC  (12). 

Maintenance  manpower  planning  models  are  used  to  evaluate  the  impact  of 
various  equipment  designs  and/or  maintenance  policies  on  the  cost  of 
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manpower  to  maintain  the  equipment.  An  example  of  such  a model  would 
be  the  "Logistics  Composite  Model"  (13)  developed  by  Rand  Corporation. 

Inventory  management  models  are  designed  to  help  determine  optimum 
stock  levels  for  spare  parts.  Once  this  optimum  stock  level  is 
determined,  it  can  be  used  to  help  minimize  total  life  cycle  costs. 

There  are  many  inventory  models  in  existence.  An  example  of  a comprehensive 
multi-echelon  model  is  the  "Multi-Echelon  Technique  for  Recoverable  Item 
Control"  (14)  developed  by  Rand  Corporation. 

Warranty  models  are  designed  to  assist  in  determining  the  benefits  to  be 
achieved  from  reliability  warranties  on  specific  hardware  items.  They 
attempt  to  answer  questions  such  as  what  is  the  optimal  warranty  time 
period.  A fairly  recent  model  is  described  in  Use  of  Warranties  for  Defense 
Avionic  Procurement  (15). 
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4.  BENEFITS  OF  A STANDARD  MODEL  FRAMEWORK 

Of  significance  is  the  fact  that  none  of  the  models  developed  have 
received  sufficient  exposure  or  use  to  become  established  as  a standard 
tool  for  life  cycle  cost  estimation.  In  addition,  even  with  the  aid  of 
model  descriptions  and  classification  schemes  such  as  the  one  Just  given 
above,  it  is  not  possible  to  simply  select  a model  for  use  in  a particular 
application.  Careful  screening  is  still  necessary  to  insure  that  the 
capabilities  of  the  selected  model  match  the  analysis  requirements  at 
hand.  This  i3  not  an  especially  easy  task.  The  situation  would  be  greatly 
improved  if  a standard  model  framework  were  adopted  by  all  LCC  analysts. 

The  benefits  to  be  derived  from  a standard  model  framework  are  many. 

First,  the  problem  of  variations  in  terminology  would  be  alleviated. 

Currently,  every  new  model  considerd  for  potential  use  must  be  studied 
to  determine  Just  what  is  meant  by  various  phrases  describing  the  different 
cost  categories.  Second,  the  tremendous  variety  of  data  sources  now  needed 
to  satisfy  the  data  input  requirements  of  the  various  models  would  be 

i 

reduced.  Model  users  would  know  what  to  expect  in  terms  of  data  require- 
ments and  could,  therefore,  be  better  prepared  to  meet  these  requirements. 

Third,  a standard  model  framework  would  permit  the  use  of  standardized 
output  format.  This  should  greatly  enhance  understanding  of  model  results 
because  of  the  increased  familiarity  gained  through  repeated  exposure. 

Finally,  continued  use  should  also  lead  to  better  understanding  of  the 
relationships  existing  between  the  various  cost  categories  and  better 
understanding  of  how  the  model  treats  different  costs.  This  will  allow  the 
technique  to  be  refined  *uid  usefulness  to  be  improved  with  better  documentation. 
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5.  UNCERTAINTY  IN  LIFE  CYCLE  COST  ANALYSES 

5.1  Problems  Created  by  Uncertainty. 

All  problems  will  not  be  solved  by  DOD  requiring  that  LCC  analyses 
be  conducted  during  the  early  part  of  an  equipment's  life  cycle  as  is  now 
dictated  by  DOD  Instruction  5000.28.  Nor  will  all  problems  be  solved  by 
the  adoption  of  a standard  LCC  model  framework  ( should  that  fortunate 
event  ever  occur  or  be  dictated  by  DOD).  The  fact  remains  that  very 
little  firm  information  is  available  when  the  first  estimate  of  life 
cycle  costs  must  be  produced.  Uncertainties  are  often  great  enough  to 
cause  a reversal  of  a decision  with  the  exact  decision  depending  on  which 
values  within  the  range  of  the  uncertainty  are  used  as  representing  future 
costs.  This  means  that  any  estimate  or  cost  projection  stands  a large 
chance  of  being  wrong. 

The  benefit  derived  from  achieving  cost  visibility  is  greatly 
diminished  if  projections  are  frequently  wrong  and  the  costs  portrayed  are  not 
representative  of  reality.  As  a result,  methods  must  be  used  to  account  for 
the  uncertainty  involved  and  in  this  manner  develop  more  credible  projections 
of  LCC. 

5 . 2 Approaches  to  Handling  Uncertainty. 

Complete  certainty  can  be  obtained  only  from  a historical  perspective 
and  this  is  too  late  to  assist  In  the  planning  of  the  project  at  hund.  However, 
various  approaches  to  handling  uncertainty  are  available  and  have  been  used 
at  one  time  or  another.  Four  of  these  approaches  are  briefly  discussed  below. 

Safety  Margins:  Perhaps  one  of  the  oldest  techniques  for 

protecting  oneself  against  uncertainty  is  to  provide  a margin  of  safety  in 
the  estimates  of  critical  parameters.  Quite  often,  the  worst  possible  value 
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of  a parameter  is  used  to  represent  the  projected  outcome.  While  this 
procedure  can  be  used  to  establish  an  upper  bound  on  possible  costs,  it 
can  work  to  the  disadvantage  of  a program  by  eliminating  certain  courses 
of  action  as  too  expensive  when,  in  fact,  they  may  be  too  expensive  only 
if  the  worst  possible  set  of  circumstances  occur. 

Expected  Values:  Basing  decisions  on  an  expected  outcome  may 

well  be  one  of  the  most  common  decision-making  procedures  in  use  today. 

The  advantage  of  this  approach  is  that  it  requires  only  a single  estimate 
representing  what  the  analyst  feels  will  actually  happen.  Also,  if  the 
decision  is  made  many  times,  the  expected  return  will  be  realized.  The 
disadvantage  is  that  the  degree  of  uncertainty  that  may  affect  the  final 
decision  is  not  reflected  and  it  may  not  be  possible  to  make  the  decision 
many  times . 

Sensitivity  Analysis:  Sensitivity  analysis  is  another  fairly 

common  way  of  treating  uncertainty.  Use  of  this  approach  calls  for  one 
value,  such  as  reliability,  to  be  varied  over  its  range  while  other  values 
are  held  constant.  This  makes  it  possible  to  determine  the  degree  of 
sensitivity  that  a LCC  estimate  has  to  various  input  parameters.  The 
technique  works  best  when  uncertainty  exists  about  only  a few  parameters 
and  when  the  parameters  are  independent  (i.e.,  the  effect  on  costs  of  the 
various  parameters  is  separable).  However,  when  uncertainty  exists  in  a 
large  number  of  input  variables,  the  number  of  possible  combinations  of 
values  becomes  very  large  and  may  prohibit  one  from  analyzing  all 
possibilities.  Also,  the  likelihood  of  some  combinations  occuring  will 
be  much  less  than  the  likelihood  of  other  combinations.  Straightforward 
sensitivity  analysis  will  not  reflect  these  changing  probabilities  and  a 
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LCC  resulting  from  extreme  values  of  all  input  parameters  will  appear 
just  as  likely  as  one  resulting  from  the  use  of  average  input  values. 

Monte  Carlo  Simulation:  Monte  Carlo  simulation  provides  yet 

another  way  of  accounting  for  the  uncertainties  in  input  parameters  of  a 
LCC  analysis.  Such  an  approach  requires  that  information  concerning 
input  variables  be  available  to  the  LCC  analysis  model  in  the  form  of 
probability  distributions.  This  means  that  either  the  raw  input  data 
must  consist  of  probability  distributions  or  else  the  model  itself  must 
convert  deterministic  input  data  into  a probability  distribution. 

Likewise,  the  model  output  consists  of  a distribution  of  life  cycle 
costs.  From  this  output  distribution  it  1 possible  to  determine  both  the 
expected  life  cycle  cost  and  the  uncertainty  associated  with  the  estimate. 

There  are  several  advantages  of  a Monte  Carlo  simulation  approach  to 
LCC  analysis  over  the  more  traditional  sensitivity  analysis  approach. 

First,  and  perhaps  most  importantly,  it  provides  information  concerning 
the  probability  of  occurrence  of  specific  life  cycle  costs.  LCC  values 
arising  from  a sensitivity  analysis  are  simply  point  estimates  of  a life 
cycle  cost  and  nothing  is  formally  given  about  the  likelihood  of  any 
particular  value  occurring.  Common  sense  tells  us  that  the  occurrence  of 
extreme  values  in  two  or  more  parameters  simultaneously  is  not  as  likely  as 
the  simultaneous  occurrence  of  more  moderate  values.  However,  this 
difference  in  probability  is  not  quantified  during  a normal  sensitivity 
analysis  where  it  can  be  when  the  analysis  is  conducted  by  Monte  Carlo 
simulation. 

Second,  it  relieves  the  analyst  of  the  responsibility  of  deciding 
what  combinations  of  parameter  values  to  use  in  calculating  a life  cycle 


cost.  Deciding  which  combinations  of  values  warrant  investigation  and 
then  making  the  proper  calculations  can  be  a burdensome  task  when  there 
are  a large  number  of  input  parameters. 

It  is  for  the  above  reasons  that  a Monte  Carlo  approach  to  LCC 
analysis  is  recommended  in  this  report  and  is  discussed  further  on  the 
following  pages. 

5.3  A Simulation  Approach  to  Life  Cycle  Cost  Analyses. 

There  are  several  major  considerations  that  should  shape  the 
development  of  any  simulation  model  being  designed  for  use  in  conducting 
a LCC  analysis.  First,  it  must  be  as  accurate  as  possible.  Next,  it 
should  be  simple  to  operate  and  last,  the  output  should  be  structured  so 
that  it  is  easy  to  understand.  It  is  only  by  following  these  guidelines 
during  model  development  that  proper  visibility  cun  be  given  to  the  costs 
incurred  by  an  equipment  item  over  its  life. 

Model  Accuracy:  Model  accuracy  is  largely  a function  of  three  things . 

These  are: 

(1)  Validity  of  the  input  data. 

(2)  Completeness  of  the  coat  categories. 

(3)  Treatment  of  the  costs  within  the  model. 

Validity  of  the  input  data  is  in  many  respects  an  intangible  that 
is  difficult  to  quantify.  It  la  dependent  both  on  the  ability  of  the 
analyst  to  extract  and  formulate  the  data  as  well  as  on  the  availability 
of  data  sources.  As  a result,  the  validity  of  input  data  can  vary  greatly 
from  application  to  application.  To  accommodate  this  situation,  data  input 
requirements  for  n model  should  be  as  limited  as  possible  while  still 
enabling  the  model  to  meet  its  output  objectives.  This  point  is  pursued 
further  in  the  discussion  on  model  completeness  immediately  below. 


Insuring  that  the  cost  categories  of  a model  are  adequately  complete 
requires  a great  deal  of  attention.  The  model  must  contain  a sufficient 
number  of  categories  to  be  complete  and  also  provide  sufficient  detail 
for  control  and  decision-making  purposes  when  evaluating  design  trade-offs. 
At  the  same  time,  the  number  of  categories  must  be  restricted  in  order  to 
retain  simplicity.  The  exact  structure  of  the  cost  categories  should 
represent  a balance  between  accuracy  and  simplicity.  The  ultimate  model 
structure  is  therefore  somewhat  dependent  on  the  use  to  be  made  of  the 
model  results. 

The  use  of  CERs  introduces  a unique  problem  when  insuring  that  the 
cost  categories  of  a model  afford  complete  coverage.  CERs  are  not  always 
straightforward  and  the  original  cost  data  upon  which  the  relationships 
are  based  may  not  be  readily  available  for  analysis  and  verification.  This 
means  that  the  use  of  CERs  should  be  restricted  to  those  that  are  thoroughly 
documented  or  that  can  be  verified  in  some  manner. 

Treatment  of  costs  within  the  model  may  consist  of  simply  summing  up 
costs  in  different  categories.  The  main  caution  to  be  observed  on  this 
point  during  model  development,  is  to  make  sure  that  all  relevant  costs  are 
included  and  that  none  are  included  more  than  once.  This  is  particularly 
true  if  CERs  are  used  to  estimate  cost.  As  stated  earlier,  the  model 
builder  must  know  in  detail  what  costs  are  covered  by  a specific  CER.  One 
should  also  be  willing  t.o  judge  whether  or  not  the  history  represented  by 
the  old  data  points  used  to  structure  the  CER  will  repeat  itself  in  the 
application  being  analyzed. 


One  other  topic  that  needs  to  be  considered  when  discussing  the 
treatment  of  costs  within  the  model  is  the  Kfonte  Carlo  sampling  procedure. 

A Monte  Carlo  Procedure  operates  by  taking  samples  of  possible  values  of 
input  variables  and  combining  them  as  dictated  by  the  logic  internal  to  the 
model  to  produce  a final  result.  The  input  variables  on  most  models  are 
independent  which  means  that  any  value  of  one  variable  can  be  selected  and 
combined  with  any  value  of  another  variable.  This  is  not  always  the  case 
when  dealing  with  a cost  model  and  requires  special  attention  to  insure  that 
the  model  yields  accurate  results. 

The  problem  of  dealing  with  dependent  input  variables  (i.e.,  dependent 
cost  categories)  can  be  solved  in  two  ways.  The  first  is  to  combine  all  costs 
into  more  highly  aggregated  groupings  which  are  no  longer  dependent.  This  is 
not  desirable  if  the  model  is  to  be  used  to  evaluate  design  trade-offs  because 
the  necessary  cost  detail  will  be  lost. 

The  second  method  involves  modifying  the  normal  sampling  procedure 
used  by  a Monte  Carlo  model.  The  cost  categories  must  first  be  ranked  in  a 
priority  or  precedence  order.  This  order  can  change  from  sample  to  sample,  but 
must  remain  constant  during  u single  sampling  operation.  The  model  will  then 
obtain  sample  values  of  all  input  variables  in  the  order  dictated  by  the  priority 
listing.  The  first  value  obtained  will  be  selected  from  the  entire  range  permit- 
ted of  that  variable.  However,  from  that  point  on  each  subsequent  variable 
will  be  checked  to  determine  if  a dependence  exists  between  it  and  the  variable 
previously  selected.  If  a dependency  does  exist,  the  potential  range  of  the 
second  variable  will  be  restricted  to  reflect  the  dependency  relationship.  The 
type  of  restriction  imposed  is  dynamic  and  will  vary  from  sample  to  sample  during 
the  simulation  run.  Model  complexity  will  be  greatly  reduced  if  the  priority 
list  can  be  structured  so  that  each  variable  will  have  to  be  checked  for 
dependency  only  against  the  one  preceding  it  on  the  list. 


Simplicity  of  Operation:  Simplicity  of  model  operation  goes  a long  way 

toward  establishing  its  eventual  usefulness.  A model  that  is  too  complex 
to  operate  will  not  be  used  enthusiastically  and  as  a result,  may  fall  into 
disuse.  As  far  as  an  analyst  is  concerned,  simplicity  of  operation  is 
determined  by  the  requirements  imposed  on  structuring  the  input  data. 

Care  must  be  exercised  in  this  regard  when  dealing  with  Monte  Carlo 
simulation  models.  Traditional  thinking  says  that  better  results  will 
be  obtained  when  more  precisely  structured  input  data  are  used.  With 
Monte  Carlo  models  this  often  means  that  input  data  must  be  structured 
in  the  form  of  a histogram  or  probability  distribution.  This  is  a severe 
requirement  and  one  that  can  only  be  carried  out  with  difficulty  for 
typical  life  cycle  cost  data. 

An  alternative  to  this  approach  is  to  structure  the  model  so  that 
it  fits  a known  probability  distribution  around  some  type  of  point 
estimate  (or  possibly  around  a point  estimate  along  with  an  indication  of 
the  distribution  variance).  It  is  something  close  to  this  latter  approach 
that  i3  recommended  here  in  order  to  achieve  the  required  simplicity  in 
structuring  the  input  data. 

It  is  felt  that  a limited  choice  on  the  exact  form  of  the  distribution 
to  be  used  can  be  left  to  the  analyst  without  introducing  undue  complica- 
tions. The  recommended  forms  are  either  the  uniform  (i.e.,  rectangular)  or 
the  triangular  distribution.  Either  of  these  can  be  easily  specified  by 
indicating  the  mean  and  a range  around  the  mean.  This  type  of  estimate 
eliminates  the  need  to  formulate  a probability  statement  to  describe  every 
piece  of  input  data.  Data  items  known  with  complete  certainty  would  be 
Input  as  a single  point  with  no  range  associated  with  them.  The  rectangular 
distribution  would  be  used  when  it  is  felt  that  no  information  whatsoever 
is  available  abou-t  the  magnitude  of  the  estimated  or  future  cost  with 
respect  to  its  estimated  range.  The  triangular  distribution  lends  itself 
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to  the  situation  where  sufficient  information  is  available  so  that  one  is 
at  least  able  to  say  that  the  occurrence  of  a cost  near  the  extreme  end 
of  the  estimated  range  is  less  likely  to  occur  than  a value  near  the 
estimated  expected  value.  It  is  logical  that  as  the  life  cycle  progresses 
through  the  conceptual,  validation  & development  stages,  the  ability  to 
refine  cost  estimates  will  increase.  This  should  result  in  a general 
narrowing  of  the  input  cost  ranges  as  well  as  a shift  from  rectangular 
distributions  to  triangular  distributions.  In  addition,  the  emergence  of 
primary  cost  drivers,  possibly  as  the  result  of  sensitivity  analyses,  will 
occur  and  emphasis  can  be  placed  on  refining  these  estimates  to  a higher 
degree  than  the  less  important  cost  estimates. 

Model  Output  Structure:  As  indicated  earlier,  the  prime  consideration 

in  structuring  the  output  is  to  make  it  easy  to  understand  and  thus  give 
visibility  to  the  costs  (and  the  associated  uncertainty)  incurred  by  an 
equipment  item  over  its  life. 

A basic  item  of  output  required  from  the  Monte  Carlo  analysis  is  a 
probability  distribution  describing  the  life  cycle  cost  of  an  item.  This 
could  appear  in  tabular  form  or  as  shown  graphically  in  Figure  3 below. 


Figure  ).  Distribution  of  Life  Cycle  Cost 
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Once  this  is  obtained,  it  is  a relatively  easy  matter  to  give  the 
degree  of  confidence  associated  with  any  particular  interval  estimate  of 
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life  cycle  cost.  The  example  in  Figure  3 shows  that  there  is  a 90f  chance 
that  the  total  life  cycle  cost  of  some  hypothetical  system  will  be  between 
$1,200,000  and  $980,000,  A program  manager  is  now  in  a much  better  position 
to  make  decisions  concerning  program  funding  with  uncertainties  concerning 
cost  exposed  for  consideration. 

It  may  be  desirable  to  structure  the  probability  distribution  of  life 
cycle  cost  in  terms  of  a cumulative  probability  distribution.  This 
Information  would  then  indicate  the  probability  of  a life  cycle  cost  having 
a specific  value  or  less.  It  could  be  shown  graphically  as  in  Figure  4 
below. 
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Figure  4-  Cumulative  Distribution  of  Life 
Cycle  Cost 
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6.  CONCLUSIONS  AND  RECOMMENDATIONS 

This  study  has  resulted  in  the  following  conclusions  and  recommendations: 

1.  A life  cycle  cost  analysis  should  be  a significant  part  of  the 
decision-making  process  associated  with  systems  acquisitions. 

2.  Uncertainty  in  life  cycle  cost  estimates  needs  to  be  quantified 
by  establishing  confidence  intervals  around  the  expected  life  cycle  cost. 

3.  A Monte  Carlo  simulation  model  should  be  formulated  and  used  to 
quantify  the  uncertainty  associated  with  life  cycle  cost  estimates. 

4.  Care  must  be  exercised  during  the  development  of  a Monte  Carlo 
simulation  model  to  insure  that  it  is  accurate,  simple  to  operete  and  has 
output  that  is  easy  to  understand.  Guidelines  for  achieving  this  are 
contained  in  Section  5.3  of  this  report  and  briefly  require  the  following: 

a.  Development  of  the  capability  within  the  model  to  conduct  a 
sensitivity  analysis  so  that  a determination  can  be  made  of  whether  or  not 
possible  variation  in  certain  input  variables  can  be  ignored  in  structuring 
model  input. 

b.  Determination  of  the  impact  of  using  different  probability 
distributions  for  describing  input  variables. 

c.  Structuring  the  model  to  handle  a possible  dependency  among 
input  variables  during  the  Monte  Carlo  sampling  procedures. 
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ABSTRACT 


This  report  describes  a study  of  two  kinds  of  antenna  structures, 
viz.,  an  umbrella-type,  top-loaded  monopole,  and  a two-dipole  end-fire 
antenna  array  on  a transmission  line.  An  antenna  model Ing  program  (AMP) 
was  used  In  a computer  analysis  of  both  of  these  antennas.  Calculations 
were  made  to  study  the  variation  of  Input  impedance  of  the  monopole 
antenna  with  umbrella  strut  length  and  the  various  parameters  defining 
the  ground  system.  The  end-fire  antenna  array  gain  was  calculated  for 
different  interdipole  distances  along  a transmission  line  which  was 
terminated  in  its  characteristic  impedance  in  one  case  and  an  open 
circuit  in  the  other. 

Both  studies  have  produced  interesting  results.  The  radial  wire 
ground  system  is  found  to  simulate  quite  nicely  an  infinitely  conducting 
earth.  The  antenna  strut  length  affects  both  the  resistive  and  reactive 
components  of  the  antenna  terminal  Impedance.  There  exists  an  optimum 
combination  of  length  and  number  of  radial  ground  wires.  The  two-dipole 
antenna  array  shows  gain  variations  in  the  end-fire  direction  for  various 
inter-dipole  distances  on  the  transmission  line.  The  maxima  and  minima 
of  gain  for  ari'ay  on  an  open-ended  transmission  line  appear  to  be  closely 
related  to  resonances  of  the  system  consisting  of  the  two  dipoles  and  the 
transmission  line  between  them. 
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This  report  describes  some  of  the  properties  of  each  of  two  kinds  of 
wire  antennas:  one  an  umbrella-type,  top-loaded  monopole  antenna  and 

the  other  a two-dipole  antenna  array,  the  dipoles  being  situated  on  a 
two-wire  transmission  line.  Both  problems  are  of  special  interest  to 
the  U.S.  Air  Force  and  are  a part  of  the  on-going  research  activity  in 
the  Antenna  and  Radar  Techniques  Branch  of  the  Electromagnetic  Sciences 
Division.  The  umbrella-type  monopole  antennas  are  used  for  VLF  and  LF 
communications  purposes  and  are  usually  tower  antennas.  However,  the 
one  described  in  this  report  is  suspended  from  a balloon  and  the  central 
monopole  and  umbrella  struts  are  wire  conductors.  Some  data  are  avail- 
able on  the  performance  characteristics  of  the  tower-type  umbrella 
monopole,  whereas,  to  the  author's  knowledge  no  such  data  are  available 
for  the  suspended-type  umbrella  monopole.  The  problems  of  feeding  the 
antennas  (dipoles)  in  an  antenna  array  with  proper  voltages  in  correct 
phase  could  be  avoided  if  the  dipoles  are  located  on  a transmission  line, 
and  distances  between  the  dipoles  are  arranged  so  as  to  yield  a large 
end-fire  gain  for  the  array.  The  array  gain  could  be  further  optimized 
by  perturbing  the  lengths  of  the  individual  dipoles. 

I 1 . OBJECTIVES 


Use  AMP,  the  antenna  modeling  program: 

1.  to  calculate  the  input  impedance  of  an  umbrella-type,  top- 
loaded  monopole  antenna  for  various  antenna  parameters,  e.g,,  umbrella 
strut  length  and  radial  ground  wire  systems,  and  to  discuss  the  results. 

2.  To  calculate  the  gain  of  the  two-dipole  array  in  the  end- 
fire  di rection,  for  different  interdipole  distances  on  a transmission  line, 
and  to  discuss  the  significance  of  the  results  towards  maximizing  the 
array  gain  in  the  end-fire  direction. 

III. 


ANTENNA  MODELING  PROGRAM 


The  computer  analysis  presented  here  uses  AMP  (Antenna  Modeling 
Program)  prepared  by  M.B.  Associates  of  California  under  the  joint  sponsor- 
ship of  the  U.S.  Army,  Navy  and  Air  Force.,  Preliminary  experience  with 
the  AMP  program  indicated  that  the  accuracy  of  computations  is  critically 
dependent  on  the  lengths  and  number  of  segments  into  which  the  given 
antenna  wires  are  subdivided  for  analysis.  It  was  also  found  that  accuracy 
is  high  when  the  segments  of  all  wires  are  of  almost  equal  length.  These 
considerations  dictated  the  size  and  number  of  elements  into  which  a given 
antenna  wire  was  divided  for  analysis.  This  choice  was  further  confirmed 
by  a close  check  between  the  input  impedance  of  a given  dipole  calculated 
from  AMP  and  other  experimental  and  theoretical  values  provided  for  the 
same  antenna.  A similar  check  was  made  fo^ the  umbrella  top-loaded  antenna 
using  the  experimental  data  of  Gangi  , et  al  for  such  an  antenna. 
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IV.  UMBRELLA  TOP-LOADED  ANTENNA 


The  umbrella  top-loaded 
antenna  is  sketched  on  the 
right.  These  antennas  are 
electrically  short,  i.e., 
the  central  monopole  is  less 
than  \/8  in  length.  The 
extensions  of  the  umbrella 
struts  are  used  as  guy  wires. 

An  insulating  spacer  electri- 
cally separates  the  antenna 
struts  from  the  guy  wires. 

The  vertical  monopole  is  above 
a ground  system  which 
consists  of  a perfect  ground 
or  more  commonly,  an  imperfect 
ground  with  several  radial 
conducting  wires  buried  in 
the  ground.  The  antenna  is 
suspended  at  the  point  0 from 
a balloon.  The  parameters 
of  the  antenna  held  constant 
in  the  following  computer 
analysis  were 

Height  of  the  monopole,  H =>  513  ft 

Number  of  umbrella  struts  = 3 

Angle  between  the  struts 

and  the  monopole,  9 = 49 

n 

Radius  of  the  monopole,  strut 
wires,  and  ground  , 
radials  =■  C. 01844  ft 

Other  parameters  were  varied  one  at  a time  and  their  effects  on  the  antenna 
terminal  impedance  (Z  = R + jX)  are  studied.  Table  1 shows  the  effect  of 
different  ground  parameters  on  the  antenna  impedance. 

In  the  absence  of  any  radial  ground  screen  the  antenna  input  Impedance 
changes  drastically  with  the  type  of  earth.  In  the  case  of  wet  earth  it  is 
much  lower  than  that  for  dry  earth.  When  a radial  wire  ground  screen  is 
put  on  top  of  dry  or  wet  earth  it  is  noteworthy  that  the  reactive  component 
of  the  ir.put  impedance  is  the  same  as  that  for  the  case  of  a perfectly 
conducting  earth.  The  resistive  component,  however,  is  lowe£  for  the  ground 
screen  case  than  that  for  the  perfect  earth.  Maley  and  King  have  also 
reported  negative  values  of  AR  where, 

AR  =>  R (radial  ground  wire  system)  - R (perfect  ground  system). 
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im 


R (-*.) 


Strut  Length 


Perfect  Ground 
R X 


Dry  earth  with  radial  ground  wire 
system  (redial  wire  length*596  ft, 
f requency=l 00  KHz) 

R X 


1.9814  -693.94 
1.858  -556.21 

1.555  -399.75 

1.333  -322.5 

1.0615  -248.35 


1.67 

-693.9 

1 .4064 

-556.15 

1.48 

-399.84 

2.35 

-323.1 

4.78 

-250.66 

Table  2.  Variation  of  Antenna  Input  Impedance  with  Strut  Length 


Perfect  ground 

(ct=*°,  no  radial  ground  wires) 

Imperfect  ground  (dry  earth) 
(o=* 5x10  •’v/m,  e =4,  no 
radial  ground  wires) 

Imperfect  ground  (wet  earth) 
(cr=5xl  0“^v/m,  ^ = 10,  no 
radial  ground  wires 

Imperfect  ground  (dry  earth) 
with  radial  ground  wires 
(a=5xlO"5v/m,  e =4,  number 
of  radial  wi  res  =>  6 
length  of  each  radial  wire  = 
596  ft 

Imperfect  ground  (wet  earth) 
with  radial  c,round  wires  as 
above  but  a “ 5x10  ^v/m  and 


300 

385.7 

515 

600 

700 


1 .4064 

1.5718 


The  effect' of  strut  length  on  the  antenna  input  impedance  is  shown 
In  Table  2 for  the  cases  of  perfect  ground  and  radial  wire  systems  on 
dry  earth. 


Ground  System 


1.858 

714.75 

152.7 


-556.15 

-556.11 


Table  1.  Effect  of  Ground  System  on  Antenna  Input  Impedance 
(strut  length  385.73  ft,  frequency  =<  100  Khz) 
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As  indicated  earlier,  the  reactive  part  of  the  input  impedance  is 
almost  the  same  for  perfect  as  well  as  radial  ground  system  at  each  strut 
length  and  decreases  monoton ical ly  with  inci  casing  strut  length.  But, 
it  is  interesting  to  note  that  for  perfect  ground,  R decreases  monotonic- 
ally  with  increasing  strut  length  while  for  the  imperfect  earth-radial 
wire  ground  system  it  assumes  a minimum  value  somewhere  in  the  range  of 
strut  lengths  given  in  the  table.  Further,  AR  changes  its  sign  also  in 
the  same  range  of  strut  values. 

The  dependence  of  input  impedance  on  the  length  and  number  of  radial 
wires  is  shown  in  Tables  3 and  4 respectively. 


Table  3.  Variation  of  Input  Impedance  with  Radial  Wire  Length 

(dry  earth,  six  radial  ground  wires,  strut  length=300  ft, 
f requency=l 00  KHz) 

Radial  Length  (Meters) 

Impedance 

X (-'*-) 

1 

-0.9926 

-687.10 

5 

0.7852 

-691.27 

10 

1.3123 

-692.67 

25 

1 .6625 

-693.86 

40 

1.6728 

-693.93 

50 

1.67 

-693.91 

181 .6 

1.67 

-693.9 

The  data  for  radial  lengths  of  1 and  5 m and  perhaps  for  10  m do  not  seem 
reliable  when  compared  with  similar  results  from  other  sources.  These 
lengths  are  a very  small'  fraction  of  a wavelength  and  computational  error 
is  quite  likely.  Besides  this  fact,  it  can  be  seen  that  the  antenna 
impedance  changes  little  with  the  length  of  ground  radial  wires  above  a 
certain  length  which  is  about  40  m in  this  case. 

The  effect  of  number  of  radial  ground  wires  on  the  antennc  input 
impedance  is  shown  in  the  following  table. 
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Table  4.  Variation  of  Input  Impedance  with  Number  of  Radial  Wires 

(radial  wire  length  a 596  ft,  strut  length  « 515  ft,  dry  earth) 


Number  of  Radial  Wires 

R(-0) 

Impedance 

X(A) 

6 

1 .4803 

-399.84 

12 

1.5751 

-399.77 

24 

1.5793 

-399.75 

48 

1.57 

-399.75 

It  can  be  seen  from  Table  4 that  the  input  impedance  for  such  an  antenna 
varies  very  little  with  the  number  of  radial  wires  If  it  is  above  a 
certain  minimum  which  is  near  twelve  in  this  case. 

The  variation  of  antenna  input  resistance  with  frequency  is  shown 
in  Fig.  1.  It  is  found  that  R varies  approximately  as  f2,  which  is  the 
usual  case  with  electrically  short  antenna.  The  antenna  reactance  as  a 
function  of  frequency  is  shown  in  Fig.  2. 

V.  DIPOLE  ARRAY  ON  A TRANSMISSION  LINE 


Radiation  characteristics  of  antenna  arrays  depend  on  spaclngs  between 
the  individual  antennas  and  the  amplitude  and  phase  of  the  voltages  fed  to 
each  of  them.  However,  it  is  not  always  easy  to  satisfy  the  feed  require- 
ments. One  possible  solution  to  this  problem  is  to  place  the  individual 
antennas  (here  dipoles)  on  a lossless  transmission  line  and  then  to  adjust 
the  inter-dipole  spacing  and  individual  dipole  lengths  to  optimize  a certain 
radiation  characteristic,  e.g.,  gain  in  the  end-fire  or  broadside  direction. 

In  the  present  work  only  a two-dipole  array  of  half-wave  dipoles  is  considered 
and  the  end-fire  gain  of  the  array  is  calculated  for  various  interdipole 
spacings  on  the  transmission  line.  The  line  was  terminated  in  its  character- 
istic impedance  in  one  case  and  it  was  open-circuited  in  the  other.  The  varia- 
tion of  the  end-fire  array  gain  is  shown  as  a function  of  inter-dipole  separa- 
tion in  Figs.  3 and  4 for  the  above  two  cas^s , respectively. 

In  both  cases  the  distance  between  successive  gain  maxima  or  minima  is 
about  0.5\.  The  array  gain  with  open-ended  transmission  line  is  several  dB 
higher  than  that  for  the  array  on  a transmission  line  terminated  in  its 
characteristic  impedance.  Further,  for  the  case  of  open-ended  termination, 
the  dipole  array  gain  maxima  decrease  in  value  with  increasing  inter-dipole 
distance.  The  reverse  is  approximately  true  for  the  other  case. 
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VI . CONCLUSIONS  AND  RECOMMENDATIONS 


The  input  Impedance  of  an  umbrella-type,  top-loaded  monopole  antenna 
Is  found  to  be  a function  of,  among  other  things,  the  electrical  properties 
of  the  earth,  the  radial  wire  ground  system  and  the  umbrella  strut  lengths. 

Higher  earth  conductivity  results  in  a drastically  lower  value  of  antenna 
impedance.  The  antenna  reactance  for  a perfectly  conducting  earth  and  an 
imperfect  earth  with  radial  ground-wire  system  is  almost  the  same.  It  is 
observed  that  with  certain  strut  lengths  the  antenna  resistance  is  even  lower 
for  the  latter  case.  It  is  found  that  above  a certain  minimum  number  and 
length  of  radial  ground  wires  the  antenna  resistance  is  essentially  constant. 
Further,  the  antenna  reactance  is  found  to  be  capaci tati ve,  and  the  antenna 
resistance  varies  approximately  as  the  square  of  the  frequency. 

Preliminary  data  on  the  gain  of  an  end-fire,  two-dipole  array  situated 
on  a transmission  line  indicates  a higher  gain  when  the  transmission  line 
is  open-circuited  than  when  it  is  matched.  In  both  cases  the  gain  maxima 
and  minima  are  about  a ha  1 f-wavel ength  apart.  Further,  the  gain  maxima  and 
minima  of  the  array  on  an  open-ended  transmission  line  appear  to  be  closely 
related  to  the  resonant  and  ant i -resonant  conditions  of  the  system  consisting 
of  the  two  dipoles  and  the  length  of  transmission  line  between  the  dipoles. 

The  situation  with  the  other  case  is  not  quite  as  clearly  understood.  More 
work  is  needed  to  verify  these  preliminary  findings. 

It  is  felt  that  additional  work  on  both  these  problems,  viz.,  the 
umbrella  type,  top-loaded  monopole  and  the  dipole  array  on  a transmission 
line  is  justified.  The  input  impedance  of  an  umbrella-type  antenna  could  be 
further  studied  in  terms  of  the  angle  between  each  of  the  umbrella  struts 
and  the  vertical  height  of  the  monopole,  number  and  length  of  struts, 

radius  ot  the  monopoie,  struts  and  radial  ground  wires  and  the  earth  conditions. 
It  is  recommended  that  radiation  efficiency  be  calculated  for  each  of  these  cases 
and  be  maximized. 

The  gain  calculations  for  the  two-dipole  end-fire  array  situated  on  a 
transmission  line  should  be  continued  for  various  terminations.  These  data 
are  expected  to  provide  a clue  to  the  gain  mechanism  of  such  arrays.  The 
work  should  then  be  extended  to  arrays  of  more  than  two  dipoles.  All  this 
work  should  lead  to  the  optimum  design  of  an  end-fire  array  consisting  of 
several  identical  dipoles  situated  on  a properly  terminated  transmission  line. 
This  design  could  be  improved  further  by  independently  perturbing  the  indi- 
vidual lengths  of  these  dipoles.  Final  1 y , ■ some  effort  should  be  directed 
toward  solving  the  above  optimization  problem  analytically. 
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SATELLITE  BASED  REMOTE  PROBING  OF  ATMOSPHERIC  VISIBILITY: 

A BIBLIOGRAPHY  OF  RELEVANT  LITERATURE 
by 

George  C.  Sherman 
ABSTRACT 

Since  tactical  military  operations  are  affected  strongly  by  the  visibility 
conditions  of  the  atmosphere  in  the  theater  of  operations,  it  would  be  useful 
to  have  the  means  for  determining  the  slant  range  visibility  under  various 
geometries  in  remote  areas  by  utilizing  data  obtained  from  satellite  measure- 
ments. At  present,  there  is  no  known  rtiethod  for  obtaining  the  desired  informa- 
tion using  satellite  based  measurements,  nor  is  there  any  published  literature 
that  deal.f  with  the  subject  directly.  There  is,  however,  a small  body  of 
literature  that  deals  with  the  determination  of  the  properties  of  particulates 
suspended  in  the  atmosphere.  Such  literature  is  pertinent  to  the  problem  at 
hand  since  the  properties  of  the  aerosol  particles  present  in  the  atmosphere 
are  the  primary  determinants  of  atmospheric  visibility  for  fixed  directions 
of  viewing  and  illumination. 

The  present  report  is  a bibliography  of  literature  relevant  to  the  problem 
of  attempting  to  determine  slant  path  atmospheric  visibility  and  contrast 
reduction  from  satellite  measurements.  Of  the  literature  uncovered  that  deals 
with  remote  sensing  of  the  atmospheric  aerosol  from  satellites,  the  bibliography 
includes  all  journal  papers,  all  reports  not  adequately  covered  by  journal 
papers  or  later  reports,  and  all  oral  papers  presented  at  meetings  published 
in  proceedings  when  they  are  not  superseded  by  other  publications.  Literature 
dealing  with  ground  or  aircraft  based  remote  sensing  of  aerosols  is  included 
provided  the  method  used  has  potential  for  being  applied  with  a satellite  plat- 
form. The  bibliography  also  includes  several  primary  sources  in  the  form  of 
books,  review  papers,  pedagodgial  summaries,  and  bibliographies  that  treat 
fundamental  subjects  of  interest  including  visibility,  atmospheric  aerosols, 
remote  sensing,  and  models  of  the  optical  properties  of  the  atmosphere. 


INTRODUCTION 


Tactical  operations  are  affected  strongly  by  the  visibility  conditions 
of  the  atmosphere  in  the  theater  of  operations.  Not  only  is  the  ability 
of  the  military  personnel  to  see  important,  but  of  equal  importance  is  the 
influence  that  the  atmospheric  aerosol  has  on  the  performance  of  electro- 
optical  military  systems  by  reducing  light  transmission  and  optical  contrast 
Advanced  knowledge  of  the  optical  properties  of  the  atmospheric  aerosol 
present  in  the  theater  of  operations  would  help  dictate  the  optimum  electro- 
optical  systems  to  be  used  and  would  be  a valuable  tool  for  the  forecasting 
of  the  probable  success  of  planned  missions.  Techniques  that  apply 
satellite  measurements  would  permit  determination  of  the  desired  information 
over  a wide  range  of  areas  and  over  hostile  territory. 


OBJECTIVE 


The  object  of  the  present  study  is  to  search  the  atmospheric-optics  and 
remote-sensing  literature  to  identify  the  available  literature  dealing  with 
remote  sensing  techniques  that  may  be  applicable  to  the  probing  of  atmospheric 
visibility  from  a satellite.  Of  particular  interest  are  methods  for  determining 
the  contrast  reduction  to  be  expected  along  slant  paths  from  aircraft  in  the 
lower  atmosphere. 


CONCLUS  IONS 


The  results  of  the  literature  search  are  presented  In  the  bibliography. 

No  papers  dealing  directly  with  the  problem  of  remote  sensing  of  visibility 
from  a satellite  platform  were  found.  There  is,  however,  a small  body  of 
literature  concerned  with  satel 1 i te- based  probing  of  the  properties  of 
particulates  suspended  in  the  atmosphere.  That  literature  is  pertinent  to 
the  problem  at  hand  since  the  properties  of  the  aerosol  particles  present 
in  the  atmosphere  are  the  primary  determinants  of  atmospheric  visibility 
for  fixed  directions  of  viewing  and  illumination.  Of  that  body  of  literature 
uncovered,  the  bibliography  includes  all  journal  paners,  all  reports  not 
adequately  covered  by  journal  papers  or  later  reports,  and  all  oral  papers 
presented  at  meetings  published  in  proceedings  when  they  are  not  superseded 
by  other  publications.  Reference  to  the  interim  reports  and  oral  papers  can 
be  found  in  the  primary  references  given  in  the  bibliography.  Literature 
dealing  with  g ound  or  aircraft  based  remote  sensing  of  aerosols  is  included 
provided  the  method  used  has  potential  for  being  applied  with  a satellite 
pi  at  form. 
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In  order  to  make  the  connection  between  the  aerosol  probing  papers 
presented  in  this  bibliography  and  the  visibility  problem  of  interest, 
references  are  included  that  tell  how  the  atmospheric  visibility  and 
contrast  reduction  are  determined  from  a knowledge  of  the  properties  of 
the  aerosol  particles  present  in  the  atmosphere.  The  reports  which 
present  the  atmospheric  models  required  for  the  relevant  calculations 
are  included  also.  Finally,  for  the  convenience  of  the  user,  the 
bibliography  includes  some  basic  references  in  the  form  of  books,  review 
articles,  pedagogical  papers,  and  bibliographies  that  provide  a ready 
access  to  the  fundamentals  and  the  current  state  of  the  art  of  the 
pertinent  fields  of  visibility,  atmospheric  aerosols,  and  remote  probing 
of  the  atmosphere. 
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Louise  Gray  Young 
ABSTRACT 


Two  computer  programs  are  described.  Each  is  designed  to  obtain 
more  accurate  spectroscopic  constants  from  a least-squares  fit  to 
laboratory  measurements  of  the  frequencies  for  a large  number  of 
lines  in  the  infrared  region  of  the  spectrum.  One  program  Is  for  the 
ammonia  molecule,  the  other  for  the  nitric  oxide  molecule.  Different 
physical  proces  contribute  to  the  energy  states  from  which  the  lines 
arise.  The  two  computer  programs  were  developed  in  parallel  and  ten 
weeks  proved  to  be  too  short  a time  for  the  work  to  be  completed. 
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INTRODUCTION 


The  research  performed  at  AFGL  covers  a broad  spectrum  of 
topics  in  the  environmental  sciences.  In  the  Optical  Physics 
Laboratory,  analyses  are  conducted  to  determine  and  understand  the 
optical  and  infrared  properties  of  the  atmosphere.  These  properties 
determine  how  well  the  atmosphere  transmits  radiant  energy,  and  also 
how  much  energy  the  atmosphere  radiates,  both  under  natural  and 
perturbed  conditions.  Any  optical  or  Infrared  detection,  or  surveil- 
lance , reconnaissance  or  weapons  system  that  operates  In  or  above 
the  atmosphere  must  either  look  through  the  atmosphere  or  against  a 
background  of  the  atmosphere  or  sky.  As  a result,  the  optical 
properties  of  the  atmosphere  oust  be  known,  in  order  to  see  how  they 
will  enhance  or  limit  the  operation  of  these  systems. 

A major  area  of  investigation  by  the  Optical  Physics  Laboratory 
Involves  the  atmospheric  attenuation  or  transmission  of  radiation  by 
the  atmosphere,  including  laser  beams.  Atmospheric  molecules  absorb 
optical  and  Infrared  radiation  selectively  at  discrete  wavelengths. 

The  Infrared  Physics  branch  program  concentrates  on  the  Infrared 
region  of  the  spectrum,  and  it  Includes  research  on  the  mechanisms 
of  absorption,  transmission  and  emission  of  Infrared  radiation  In 
the  aerospace  environment.  Among  other  things,  It  Includes  the  atmos- 
pheric attenuation  of  Infrared  radiation  from  natural  sources, 
natural  or  man-made  disturbances,  or  targets  such  as  missile  plumes. 
The  measurement  and  study  of  atmospheric  transmission  or  emission 
also  provides  a method  for  remotely  sensing  atmospheric  composition 
Including  the  effect  of  the  addition  of  contamlnents,  for  example, 
from  high  altitude  missile  or  jet  engine  exhausts.  This  can  also 
be  used  to  sense  meteorological  conditions  such  as  temperature  and 
humidity. 

The  results  of  these  efforts  are  computer  codes  which  allow 
the  prediction  of  Infrared  absorption,  emission  and  transmission 
for  any  situation.  Two  basic  models  for  the  Infrared  radiation 
properties  of  the  atmosphere  have  been  developed.  The  first  model  is 
of  low  resolution  (20  cm”  spectral  resolution).  The  second  model 
is  potentially  superior  to  the  first  model.  It  uses  absorption 
profiles  of  individual  molecular  absorption  lines.  This  model  should 
yield  more  accurate  low  resolution  results  when  the  data  are  appropri- 
ately averaged  onve  wavelength.  It  is  the  only  approach  capable 
of  computing  very  high  resolution  spectra  for  the  transmittance  of 
laser  beams  through  the  atmosphere.  In  order  to  answer  the  question 
of  what  laser  frequencies  are  attenuated  least  by  the  atmosphere.  It 
is  necessary  to  compile  the  fundamental  spectroscopic  data  (including 
line-intensities,  frequencies,  and  half-widths)  of  all  molecules 
responsible  for  absorption  in  the  spectral  region  of  interest. 

The  best  set  of  absorption  band  constants  for  the  atmospheric 
absorbing  molecules  have  to  be  determined  and  then  the  required  spect- 
roscopic data  can  be  generated  from  these  constants.  Data  are  already 


available  for  C02,  H^O,  03,  N^O,  CO,  CH.,  and  Op.  Extensive  computer 
programs  have  been  developed  which  make^use  of  the  vast  collection  of 
spectroscopic  data.  These  have  been  used  to  predict  the  transmission 
of  laser  beams.  In  addition,  transmission  codes  have  been  extensively 
applied  to  the  design  and  Improvement  of  remote  atmospheric  sensing 
devices  on  the  Air  Force  meteorological  satellites.  Another  application 
of  this  data  base  has  been  Its  use  to  understand  the  signature  of  a 
hot  gas  (for  example,  the  exhaust  plume  of  an  aircraft)  as  viewed 
through  a colder  atmosphere. 

The  AFCRl  Atmospheric  Absorption  Line  Parameters  Compilation  Is 
currently  being  improved.  This  Involves  both  the  revision  of  existing 
data  and  the  addition  of  new  material.  The  new  material  which  is  being 
incorporated  in  the  data  base,  includes  weak  absorption  features  of 
the  major  atmospheric  absorbing  gases,  as  well  as  absorption  parameters 
for  thrace  atmospheric  and  pollutant  gases.  Some  of  the  trace  gases 
which  have  been  incorporated  in  the  data  compilation  include  S02  and 
NQ~  • Preliminary  data  are  also  available  for  the  molecules  N(rand 
NHj.  For  these  latter  two  trace  gas  molecules,  the  data  were  not  of 
sufficiently  high  quality  that  they  could  be  used  to  accurately 
predict  laser  beam  transmission  through  these  gases. 

This  report  documents  the  efforts  made  to  obtain  better  spectro- 
scopic data  for  the  two  molecules,  NO  and  NH^. 

THE  AMMONIA  MOLECULE 

The  NH3  molecule  has  a symmetrical  pyramidal  structure  with  the 
N atom  at  tne  top.  Of  the  four  fundamental  modes  of  vibration,  the 
strongest  band  which  occurs  in  an  atmospheric  window  region  of  the 
spectrum.  Is  . This  is  a totally  symmetric  fundamental,  and  a not- 

able feature  is  the  fact  it  is  double.  This  doubling  is  due  to  the 
situation  that  there  are  two  equilibrium  positions  for  the  N atom  at 
the  two  sides  of  the  plane  formed  by  the  three  H atoms.  It  Is  termed 
"inversiondoubling."  All  vibrational  levels  are  split  Into  two  sub- 
levels,  a lower  positive  and  an  upper  negative  level;  the  splitting 
being  largest  for  those  levels  In  which  the  height  of  the  pyramid 
changes  most  during  the  vibration.  In  the  infrared,  the  selection 
rule  Is  +«-»-,  hence  each  band  has  two  components  whose  separation 
is  the  sum  of  the  splittings  of  the  upper  and  lower  levels.  The  same 
selection  rule  holds,  of  course,  for  the  pure  rotation  spectrum  and 
therefore  every  line  of  the  rotational  spectrum  Is  double;  the  line 
splittings  again  being  the  sum  of  the  splittings  of  the  upper  and  the 
lower  states.  But  here  the  splitting  Is  the  same  In  the  upper  and 
lower  states  and  so  the  line  splitting  Is  just  double  the  splitting  In 
the  vibrational  ground  state.  The  same  splitting  of  the  ground  state 
Is  also  observed  In  the  pure  Inversion  spectrum;  l.e.,  for  transitions 
from  the  lower  to  the  upper  rotational  sub-level. 

Costain  suggested  that  the  line  positions  In  the  pure  Inversion 
spectrum  should  be  fit  by  a formula  of  the  type 

E(J,K)  = ^ exp  ( bJ(J  + 1)  + (b  - c)K2  + dj  J2(J  + l)2  + dJK  K2J(J  + 1) 
+ dK  K4  + hj  J3(J  + l)3  + hJJ(<  J2(J  + 1)2K2  + hJK|<  J(0  + 1)K4 
+ hK  K6  + ...  ).  (1) 


That  is,  a power  series  in  terms  of  the  quantum  numbers,  analogous 
to  the  usual  power  series  for  energy  levels  In  the  pure  rotational 
spectrum,  except  that  the  "energy"  appears  In  the  exponent.  This 
formulation  follows  from  the  snalysis  of  a general  double  potential 
well,  done  by  Dennison  and  Ullenbeck.  A fit  of  equation  (1)  to  the 
Inversion  spectrum  of  ammonia,  as  reported  recently  by  Poynter  and 
Kakhar,  does  not  reproduce  their  observations  well.  The  standard 
error  associated  with  the  fit  using  am  equation  of  the  form  of  equation 
(1)  with  10  free  parameters  is  0.49  MHz;  a 21  parameter  fit  gives  a 
standard  error  of  0.034  MHz.  In  an  attempt  to  obtain  a better  fit  to 
the  measurements  of  Poynter  and  Kakhar,  we  have  used  a Padd’  approx- 
imation; that  Is,  a formula  of  the  type  0 - , , c 

-Vg  + A(  J(J  + 1)  - K2)  + B(  J2(J  + 1)2-kVc(J3(J  + l)3  - K6)  + 

E(J’K)  1 +ot(  J(J  + 1)  - K2)  + f.  (J2(J  + l)2  -KV  «(J3(J  + l)3  - K6)  + 

This  gives  a standard  error  of  0.21  MHz  for  an  11  parameter  fit;  with 
19  free  parameters,  equation  (2)  gives  an  error  of  0. 0075MHz.  We  have 


obtained  a considerably  more  accurate  fit  than  that  found  by  Poynter  and 
Kakhar,  using  10  parameters.  Having  obtained  accurate  constants  for 
the  contribution  to  the  total  energy  due  to  the  Inversion  spectrum,  we 
proceeded  to  analyse  the  pure  rotational  spectrum.  Again  the  contribution 
of  the  rotational  energy  to  the  total  energy  was  represented  by  an  equation 
of  the  form  of  equation  (2).  The  Pade  approximation  was  again  more  succes- 
ful  In  describing  the  energy  “levels  than  the  conventional  expression. 

We  used  Dowling's  data  for  the  rotational  line  frequencies.  When  we 
attempted  to  fit  the  data  of  Garlng,  Nielsen  and  Rao  for  the  v2  band 
(with  33  parameters),  it  turned  out  that  we  were  still  off  from  the 
measured  frequencies  of  lines  for  high  J,K  quantum  numbers.  We  are 
unable  to  obtain  any  better  accuracy  than  the  conventional  formulae 
yield.  That  is  to  say,  we  are  off  by  1.35  cm-1  at  (15,15).  We  suspect 
that  this  is  due  to  the  fact  that  the  data  of  .Dowling  have  systematic 
errors  and  that  our  parameters  derived  from  that  spectrum  are  Inaccurate 
as  a result.  The  next  step  in  our  treatment  of  the  NH3  molecule  is  to 
use  the  perpendicular  bands  to  find  ground  state  constants.  Since  It  Is 
known  that  -n),  perturbs  2 m2,  we  suspect  that  the  band  may  have  some 
special  difficulties  associated  with  it's  analysis.  £For  this  reason  we 
plan  to  analyse  some  other  infrared  bands  of  ammonia  before  returning 
to  the  problem  of  the  -^2  band. 

THE  NITRIC  OXIDE  MOLECULE 

The  spectrum  of  the  NO  molecule  is  interesting  because  the  electronic 
ground  state  is  2 T7 » Instead  of  the  more  customary  z ground  state.  The 
usual  method  of  analyzing  the  NO  spectrum  Is  to  consider  It  as  belonging 
to  Hund's  case  (a)  and  then  doing  a perturbation  expansion.  The  frequency 
measurements  made  by  Keck  for  the  P and  R branches  of  the  fundamental 
sub-bands  at  5 microns  have  been  fit  by  an  expression  of  the  form, 

am  + bm2  +cm3  + dm^  + em^  + fm®  + ...  (3) 


where  the  index  m ■ -J"  for  the  P branch  and  m » J"  + 1 for  the  R branch; 

The  coefficients  a,  b,  c,  etc  are  the  usual  combinations  of  the  rotational 
constants  B , D , H , etc.  Because  there  are  two  sub-bands,  the  constants 
found  from  <(  least-squares  fit  to  Keck's  data  are  really  effective  constants 
and  not  the  true  constants  for  the  NO  molecule.  Keck's  frequency  measure- 
ments only  gave  the  average  frequency  for  the  lamda  doublets.  However 
the  lamda  doubling  was  computed  for  these  branches  of  the  fundamentals 
and  was  submitted  for  Inclusion  in  the  AFGL  Data  Tape.  These  bands  are 
the  strongest  features  in  the  5 micron  region.  It  was  felt  that  better 
constants  could  be  obtained  by  fitting  all  3 branches  of  the  fundamentals 
(Q  was  ignored  before)  and  of  the  satellite  bands.  In  adltlon.  It  seemed 
reasonable  to  also  Include  Dowlings  measurements  of  the  pure  rotation 
spectrum  and  the  microwave  data. 

For  the  NO  molecule,  we  have  the  quantum  numbers  L ■ 1 (and  It's 
projection  A = 0,  +1  ) and  S = 1/2  (with  It's  projections  ■ +1/2)  and 
-n.*  a *5  . with  these  quantum  numbers,  six  Hund's  case  (a)  states  can  be 
formed  with  the  designation  2S  + 1|jvU:  2ITl/2.  2T[-l/2,  2Tl3/2.  2Tt  -3/2 . 

^1/2,  and  ^-1/2.  The  interactions  of  these  six  states  form  a 6x6  matrix. 
This  matrix  can  be  factored  by  chosing  as  a basis  functions,  symmetric  and 
antisymmetric  conbi nations  of  the  6 pure  case  (a)  wave  functions.  The 
factorization  breaks  the  Hamiltonian  matrix  into  two  3x3  blocks  of 
opposite  parity,  as  shown  below. 
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t=  (B»  + 2D  - 2D  (J  + l/2)2)(  (J  - 1/2) (j  + 3/2)  )1/2 
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Equation  (4)  reduces  to  two  3x3  matrices  for  the  energy,  which  are 
readily  diagonalized  numerically  to  obtain  the  energy  eigenvalues  for 
each  value  of  the  rotational  quantum  number,  J.  Differences  between  the 
energy  levels  of  appropriate  symmetry  yield  the  frequencies  of  the  allowed 
rotational  lines,  Including  a doubling,  for  the  NO  molecule.  Conversely, 
a least  squares  fit  to  measured  frequencies  can  give  the  "best"  values 
for  the  constants  Gv,  By,  Dy,  Hy,  Ay,  AJt  a.  and  £,  If  Bc  and  Et  - Ew 

are  assumed  to  be  known.  This  procedure  has  been  applied  to  the  microwave 
lines  and  to  the  pure  rotation  spectrum  In  an  attempt  to  determine 
Inproved  constants  for  the  ground  state.  We  had  hoped  to  use  these 
ground  state  values  In  fitting  the  fundamental  and  satellite  bands,  where 
the  upper  state  constants  would  be  found.  However,  combination  differences 
based  on  Keck's  measurement  of  the  fundamentals  showed  that  Dowling's  far 
Infrared  data,  for  the  pure  rotation  band,  have  systematic  errors  In  the 
measurements.  As  a result,  we  decided  to  fit  all  the  data  to  simultaneously 
determine  both  the  v = 0 and  the  v = 1 state  constants. 

The  computer  program  which  calculates  line  frequencies  and  lamda 
doublings  for  the  lines  Is  working.  What  remains  to  be  done  Is  to  do  the 
least  squares  fit  to  the  data. 
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POTENTIAL  TECHNOLOGY  BREAKTHROUGHS 
IN  NEXT  GENERATION  RADARS 

by 

John  Spragins 


ABSTRACT 


Three  major  trends  influencing  the  development  of  new 
radars  are  use  of  sophisticated  data  processing  techniques 
(especially  digital  techniques),  interconnection  of  different 
radars  to  form  radar  networks , and  reduction  of  the  require- 
ments for  on-site  manning  of  radar  systems.  Some  important 
implications  of  these  trends  are  examined. 

In  addition  to  giving  improved  estimates  of  conventional 
radar  parameters  such  as  range,  azimuth  and  elevation  in 
the  presence  of  clutter  or  other  disturbances,  the  newer 
processing  techniques  automatically  make  other  parameters 
such  as  target  radial  velocities,  return  signal  strengths, 
the  spatial  distribution  of  returns  from  a target,  the  location 
of  unusual  concentrations  of  clutter  or  other  disturbances, 
etc.  readily  available.  Use  of  the  velocity  information 
for  tracking  is  shown  to  potentially  give  substantial 
improvements  in  tracking  accuracy.  Possible  improvements 
from  utilizing  some  of  the  other  parameters  are  also  dis- 
cussed. 

Next,  some  of  the  problems  in  and  implications  of  radar 
netting  are' discussed.  Communications  problems  (in  collecting 
data  from  different  radars  and  disseminating  it  to  users)  and 
data  processing  problems,  and  tradeoffs  between  communica- 
tions and  data  processing,  are  disoussed.  A few  tentative 
conclusions  defining  recommended  radar  network  architecture 
are  given. 

The  final  area  examined  is  that  of  minimally  attended 
or  unattended  radars . Brief  reformulations  of  some  of  the 
standard  reliability/availability  calculations  are  given, 
and  problems  which  must  be  solved  to  meet  the  reliability 
requirements  of  such  systems  are  discussed. 


INTRODUCTION 


The  Air  Force  is  about  to  embark  on  the  development  of  a 
new  generation  of  ground  and/or  air-based  surveillance  radars. 
Further,  major  changes  in  the  manner  in  which  tactical  radars 
are  utilized  and  new  types  of  equipment  for  use  in  tactical 
situations  are  being  developed.  Three  major  trends  influencing 
the  development  of  both  types  of  radars  are  use  of  sophisticated 
data  processing  techniques  (especially  digital  techniques) , 
interconnection  of  different  radars  to  form  radar  networks , 
and  reduction  of  the  requirements  for  on-site  manning  of  radar 
systems.  Some  important  implications  of  these  trends  and 
problems  which  must  be  solved  to  fully  realize  their  potential 
benefits  are  examined. 


Three  distinct,  though  interrelated,  topics  are  covered 
in  the  material  below.  In  each  case,  the  discussion  is  a 
summary  of  an  initial  survey  of  a topic  which  merits  consider- 
able additional  study  and  could  lead  to  significant  breakthroughs 
in  radar  system  performance.  (This  possibility  is  the  motiva- 
tion for  the  title  of  the  report.) 
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The  first  portion  of  the  report  discusses  making  use  of 
some  extra  parameters  which  can  very  easily  be  obtained  with 
some  of  the  sophisticated  radar  data  processing  techniques 
which  are  currently  being  developed.  Parameters  either  in  the 
standard  outputs  orreadily  obtainable  from  Lincoln  Lab's  MTD 
processing  are  discussed,  since  this  is  one  of  the  better 
examples  of  the  type  of  processing  techniques  currently  being 
developed.  (Similar  parameters  should  be  obtainable  with 
other  techniques  such  as  those  being  developed  by  Westinghouse, 
Bendix,  Texas  Instruments,  etc.,  but  relatively  little  documen- 
tation on  these  alternative  techniques  is  available.)  In 
addition  to  giving  improved  estimates  of  the  conventional 
parameters  such  as  range,  azimuth  and  elevation  (despite  the 
presence  of  clutter  or  other  disturbances),  such  processing 
techniques  automatically  make  other  parameters  such  as  target 
velocities,  return  signal  strengths,  the  spatial  distribution 
of  returns  from  a target,  the  location  of  unusual  concentrations 
of  clutter  or  other  disturbances,  etc.  readily  available. 

A brief  analysis  of  potential  improvements  in  tracking 
accuracy  which  can  be  obtained  by  utilizing  target  velocity  as 
an  additional  parameter  for  tracking  algorithms  is  given.  (This 
analysis  is  due  to  R.  J.  Kulpinski  of  MITRE  Corp. , Bedford, 

Mass.).  The  analysis  indicates  that  very  substantial  improve- 
ments in  tracking  accuracy,  as  measured  by  the  size  of  ellipses 
of  range/azimuth  ambiguity,  can  be  obtained  if  velocity  informa- 
tion is  used.  Some  potential  uses  for  other  parameters  are 
then  discussed.  Several  of  the  parameters  appear  to  be  especially 
useful  in  an  ECM  environment. 

The  second  topic  examined  is  that  of  radar  netting.  Netting 
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of  tactical  radars  is  emphasized,  since  the  problems  encountered 
are  more  severe  than  those  encountered  with  netting  of  fixed 
surveillance  radars.  Some  of  the  major  problems  which  need 
to  be  solved  if  radar  netting  is  to  realize  its  potential 
include  finding  techniques  for  insuring  adequate  compatibility 
among  the  outputs  of  different  types  of  radars , merging  informa- 
tion from  different  radars  (of  widely  varying  types)  which  may 
have  overlapping  coverage,  incorporating  other  information  such 
as  intelligence  information  or  meteorological  data  into  situation 
displays,  appropriate  dissemination  of  information  to  users, 
providing  for  survivability  of  the  surveillance  and  communication 
networks,  etc.  A large  part  of  the  hope  for  finding  reasonable 
solutions  to  these  and  similar  problems  arises  from  the  develop- 
ment of  sophisticated  radar  data  processing  techniques  such  as 
those  discussed  in  the  first  section,  but  sophisticated  techniques 
for  communication  of  information  and  for  processing  other  types 
of  data  are  also  needed. 

Present  applications  of  radar  netting  tend  to  be  extremely 
crude  in  comparison  with  the  types  of  networks  which  appear  to 
be  technologically  feasible.  Hence,  it  is  difficult  to  make 
many  definitive  statements  about  preferred  network  architectures. 
Nevertheless,  persuasive  arguments  for  some  desirable  features 
can  be  given,  and  these  arguments  appear  to  lead  to  some  con- 
clusions for  recommended  architectures.  Some  arguments  of  this 
type  are  given.  A few  major  design  tradeoffs  are  then  enumerated 
and  briefly  examined. 

The  final  topics  treated  concern  minimally  attended  or 
unattended  radars.  Two  major  classes  of  minimally  attended  or 
unattended  radars  are  those  intended  for  surveillance  and  those 
to  be  used  in  tactical  situations  (these  two  classes  correspond 
to  the  two  classes  of  radar  networks  discussed  above) . In  sur- 
veillance situations  development  of  such  radars  is  primarily 
motivated  by  personnel’  costs,  which  tend  to  be  the  largest  single 
costs  in  the  life  cycles  of  most  radars.  In  tactical  situations 
minimally  attended  or  unattended  radars  are  more  likely  to  be 
small  expendable  radars  placed  very  near  the  FEBA  or  in  other 
exposed  situations.  In  either  case,  such  radars  are  becoming 
more  feasible  because  of  the  trends  toward  sophisticated  data 
processing  at  the  site  and  radar  netting  discussed  earlier. 

The  major  problems  related  to  minimally  attended  or  unattended 
radars  discussed  here  are  concerned  with  the  reliability/availability 
of  such  radars.  Reliability  and  availability  are  normally  more 
severe  for  surveillance  radars  than  for  tactical  radars  in  these 
categories  since  the  tactical  radars  are  more  likely  to  be  con- 
sidered to  be  expendable.  Hence  this  discussion  focuses  on 
surveillance  radars. 

Reliability  theory  is  plagued  by  a multitude  of  conflicting 
definitions  for  the  same  or  very  similar  terms.  The  picture  is 
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further  complicated  by  the  fact  that  different  groups  are 
responsible  for  different  portions  of  the  factors  determining 
reliability.  The  major  factors  causing  confusion  are  explained. 

Some  modifications  to  the  usual  techniques  for  analyzing  relia- 
bility and  availability  are  then  developed  for  application  to 
such  systems,  and  some  possible  techniques  for  achieving  the 
reliability/availability  goals  are  discussed. 

USE  OF  EXTRA  PARAMETERS 

Historically  most  radars  have  been  described  as  2-D  radars 
or  3-D  radars,  with  the  distinction  between  the  two  types  depend- 
ing on  whether  they  provide  just  range  and  azimuth  for  targets 
or  range,  azimuth  and  elevation.  Although  other  parameters 
such  as  doppler  shifts  are  often  obtained,  these  have  normally 
been  used  only  for  internal  processing  (most  commonly- to 
separate  moving  targets  from  stationary  targets) . The  only  real 
output  parameters  have  been  the  two  or  three  location  parameters 
listed.  Until  fairly  recently  technology  limitations  tended  to 
limit  the  availability  of  additional  parameters,  but  the  newer 
technologies  now  coming  into  widespread  use  make  it  simple  to 
extract  additional  parameters.  Nevertheless,  tradition  seems 
to  be  prevailing,  so  that  these  additional  parameters  are  not 
really  utilized.  As  an  example,  the  only  real  parameters  allowed 
to  be  transmitted  from  radar  sites  to  the  ROCC,  if  JSS  formats  are  used 
are  range,  azimuth  and  elevation  £1].  (A  few  additional  para- 
meters , such  as  actual  IFF  replies  in  the  beacon  formats , time 
in  storage  before  the  message  was  transmitted  and  the  extent  of 
the  azimuth  angle  over  which  a search  message  is  received  are 
provided,  but  these  are  not  the  types  of  parameters  of  real 
interest  for  this  discussion.)  The  tracking  algorithms  used 
in  the  ROCC  only  utilize  the  range,  azimuth  and  elevation  data  [ lj . 

Typical  Parameters  Available 

A good  example  of  the  type  of  new  technologies  now  coming 
in  is  Lincoln  Lab's  MTD  processor.  Each  target  report  from 
the  MTD  processor  (now  implemented  on  a 2-D  radar)  consists  of 
two  32-bit  words,  a PAZ  word  and  a VRS  word  . The  PAZ  word 
gives  the  pulse  repetition  frequency  and  azimuth  for  the  report, 
and  the  VRS  word  gives  velocity,  range  and  signal  strength. 

(Up  to  38  VRS  words  per  PAZ  word  are  allowed,  corresponding  to 
38  detections,  at  different  ranges,  for  the  same  azimuth.)  These 
two  words  contain  the  standard  range  and  azimuth  parameters 
plus  three  additional  ones  (prf,  velocity  and  strength).  In 
addition,  a great  deal  of  other  information  is  readily  obtainable. 

A disc  memory  holds  368,  640  clutter  words,  one  for  each  range- 
azimuth  resolution  cell  (768  range  resolution  cells  and  480 
azimuth  resolution  cells  - the  latter  are  normally  termed  coherent 
processing  intervals,  CPIs,  in  MTD).  This  clutter  map  contains 
an  average  valuq  of  the  ground  clutter  (obtained  from  the  output 
of  the  MTD  zero  velocity  filters),  obtained  from  previous  scans. 
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Eight  times  this  many,  or  2,949,120,  different  range -azimuth- 
velocity  thresholds  are  independently  adjusted,  with  8 different 
velocities  examined  for  each  range-azimuth  pair.  With  the  digital 
processing  techniques  used  in  MTD,  any  of  these  values  could  be 
read  out  if  this  is  desired.  Other  quantities  utilized  in  computing 
these  values  could  easily  be  obtained,  or  the  results  of  performing 
some  computations  with  any  of  the  listed  parameters  (so  long 
as  the  capacity  of  the  MTD  processor  is  not  exceeded) , can  be  other 
outputs.  Hence,  a tremendous  variety  of  output  parameters  can 
be  obtained  with  MTD. 

Other  radar  processing  techniques  similar  to  MTD  are  being 
developed  by  a number  of  different  companies ; companies  mentioned 
to  the  author  in  various  conversations  have  included  Westinghouse, 
Hughes,  Bendix,  Litton,  Texas  Instruments  and  Univac.  Other 
operational  radar  systems,  such  as  E3-A,  use  digital- processing 
techniques  of  a slightly  different  nature.  Hence,  it  is  not  at 
all  unrealistic  to  expect  a large  percentage  of  the  radar  systems 
developed  in  the  future  to  provide  the  type  of  parameters  discussed 
here . 

Example  of  Parameter  User-Velocity  Information 

As  an  example  of  potential  gains  through  use  of  additional 
parameters,  the  use  of  velocity  information  in  tracking  is  discussed. 
The  results  given  here  are  due  to  R.  J.  Kulp inski  of  MITRE  who 
has  given  the  author  a copy  of  the  equations  he  utilized.  The 
results  of  the  analysis  (though  not  the  derivations)  are  included 
in  pj  . 

The  technique  Kulpinski  used  to  define  a tracking  algorithm 
was  a Taylor- s'eries  expansion  approach  to  finding  a least- sum- 
squared-error  solution.  A good  recent  exposition  of  the  technique 
(also  called  Gauss  or  Gauss -Newton  interpolation)  is  given  by 
Foy  [43,  but  this  is  a classical  technique  which  has  been 
utilized  for  many  years.  It  is  relatively  simple  to  use,  and 
can  readily  incorporate  multiple  measurements  and  mixed-mode 
measurements.  On  the  other  hand,  it  requires  an  initial  guess 
at  a solution  and  iterative  improvements  to  it,  with  no  guarantee 
of  convergence.  (Experience  indicates,  though,  that  the  initial 
solution  guess  can  be  quite  far  off  without  preventing  good 
convergence,  so  it  will  normally  converge.)  Although  this 
approach  to  tracking  could  prove  to  be  completely  adequate  (with 
failure  to  converge  initially  taken  care  of  by  altering  the 
initial  guess) , other  techniques  should  be  investigated.  The 
analysis  given  here  should  be  considered  to  be  a first  cut  at 
comparing  tracking  algorithms  which  do  and  do  not  utilize 
velocity  information. 

The  tracking  algorithm  assumes  a constant  velocity  flight 
path  which  is  described  by  the  target  speed  (S),  the  time  of 
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closest  approach  to  the  radar  site  (tc) , the  target  bearing  at 
closest  approach  (Qc) , and  the  target  range  at  closest  approach 
(Rc) • These  four  parameters  completely  describe  the  constant 
velocity  flight  path.  In  order  to  estimate  these  parameters, 
a sequence  of  measurements,  at  known  times  (t^) f of  bearing 
angles  (©l),. range  (Ri) , and  (if  velocity  information  is  used) 
range  rate  (Ri)  are  obtained.  Relationships  between  the 
parameters  describing  the  flight  path  and  the  measurements  are 
readily  obtained  with  the  aid  of  Figure  1.  From  this  figure 
it  is  easy  to  see  that: 


©i  = 0c  + tan 


-1 


(t=H 


tc)' 


Ri  = (rc2  + s2  (fci  - tc)2?/2 
Ri  = S2  (tj  - tc) 


D 


Rc"  + s2(t± 


1/2 


(la) 

(lb) 

(lc) 


Note  that  if  values  for  0C,  S,  R„  and  tc  arf  assumed,  this 
is  equivalent  to  assuming  values  for  0^,  and  R^  also  since 
these  latter  three  quantities  can  be  computed  from  the  assumed 
values  by  simple  geometric  arguments.  Assumed  values  of  terms 
in  the  following  arguments  will  be  denoted  by  the  letter  a in 
parentheses,  e.g.  0C  (a)  is  the  assumed  value  for  0p.  The 
Taylor-series  approach  to  estimating  the  track  involves  expanding 
both  sides  of  equations  (1)  in  Taylor-series  about  the  assumed 
values,  keeping  only  terms  below  second  order.  Thus  the  form 
of  the  expansion  for  (la)  is 

©i  - 0t  (a)  = 3©L  C 0 c ' 0c<a>  ) + 90i  (S-S  (a)  ) 

9oc  T§ — 

+ 9 (Rc  “ Rc  (a>  > + 90i  (tc  - cc  <a>  ) (2) 

atc 


with  similar  expansions  for  R^  and  R^. 

After  the  indicated  differentiations  are  performed,  the  following 
matrix  equation  is  found 

* Ji  (a)  6 + e±  (3) 


with 

*i  = 


©i  - ©L  (a) 
Ri  - Ri  (a) 
Ri  - Ri  (a) 


(4a) 
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U1  ^ 

S (1+u2  ) 
ui  (ti  -tc) 


UiRC  <Ri+R?> 


Rc(l  + u 2)  Rc(1+  u2  ) 


R2  Su.  - S2  (R2  - R2  S2u2  ) 


with  J . (a)  in  equation  (3)  indicating  assumed  values  for  the 
terms  are  used  and 


ut  =_S 
R_ 


(t.  - t ) 
v i c' 


Also 


®c  -sc<a) 


6=  S - S(a)  ( ‘ 

V Rc(a) 

V tc(a) 

and  e^  represents  the  matrix  of  measurement  errors,  which  are 

assumed  to  be  normally  distributed  with  zero  mean  and  covariance 
matrix 


\ - 0 


As  equation  (5)  indicates,  the  measurement  errors  are  assumed  to 
be  mutually  independent  and  equal  for  all  i (hence  no  subscript  i) . 

If  n sets  of  measurements  are  obtained  (at  least  two  must 
be  obtained  to  estimate  the  track  since  there  are  four  track 
parameters  and  only  three  measurements^  the  equivalent  formulas  are 
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a 3n  x 1 matrix  with  each  Zf  of  the  form  in  equation  (4a) . 
Similarly 


(7b) 


is  a 3n  x 4 matrix. 


Li  J 

consists  of  n copies  of  the  matrix  in  equation  (4d)  and 


(7c) 


(h) 


el 

e2 


(7d) 


Further,  the  error  covariance  matrix  can  be  written  in  the 

form 


f A , ° ° 

o -A- 1 " • c? 

. # • a a f # 

O o * * ’ -A.t  J 


with  n copies  of  the  matrix  in  equation  (5)  along  the  main 
diagonal  and  zeros  elsewhere. 


(8) 


The  Taylor-series  approach  to  finding  the  least-sum-squared- 
error  estimates  of  the  track  parameters  is  to  start  with  the 
assumed  values  of  the  track  parameters 


G (a) 
S (a) 


tc  (a) 


This  assumed  solution  point  is  replaced  by  a new  estimated 
solution  given  by 


\ + (J,  A "iJ) 


J^'1  Z 


The  entire  calculation  is  then  repeated  with  P,  replacing 
p,  . This  procedure  iterates  until  the  change  in  solutions 
generated  becomes  essentially  zero,  indicating  convergence. 

The  errors  in  the  final  solution  obtained  have  covariance  matrix 

Aq  - (JT  A_1J)  -1  (11) 

As  was  stated  earlier,  convergence  is  not  assured  with 
this  approach,  but  it  is  unusual  to  have  convergence  fail  to 
occur.  Further,  additional  attempts  to  find  a solution  can 
be  made  by  simply  varying  the  initial  assumed  values,  with  a 
high  probability  of  success  on  each  trial. 

A completely  analogous  solution  for  least-sum-squared- 
error  tracking  without  the  use  of  velocity  information  can  be 
found  by  simply  deleting  the  third  rows  of  the  matrices  in  equations 
(4a),  (4b)  and  (5)  (and  deleting  the  final  column  in  the  last 
matrix).  The  analysis  will  not  be  repeated  here. 

Typical  Improvements  from  Using  Velocity 

Kulpinski  studied  the  improvements  in  tracking  accuracy 
obtainable  through  incorporating  velocity  measurements  under 
the  target  tracking  conditions  in  Table  1(3). 

TABLE  1 

Target  Tracking  Conditions 


Assumed  Flight  Path 
Tracking  Algorithm 
Number  of  Scans  of 
Measurement 

Performance  Computed  for 

M: 

Scan  Rate 
Target  Range 
Target  Aspect  Angle 


Constant  Velocity 
Algorithm  Described 
Four  Scans 

Predicted  Track  in  Fifth  Scan 

!8yppW?6M905%s 

6 rpm 

25  nm  and  50  nm 
0 to  90  degrees 
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Some  of  the  results  of  Kulpinski's  comparisons  are  given  in 
Figures  2-6  (reproduced  from  Dj  ) . Figures  2 and  3 illustrate 
how  the  sizes  of  error  ellipses  for  target  location  shrintc  when 
velocity  information  is  utilized.  Figure  4 plots  location  error 
(as  defined  in  the  figure)  versus  target  aspect  angle,  and 
Figures  5 and  6 give  standard  deviations  for  estimates  of  track 
heading  and  speed.  In  each  case,  use  of  velocity  information 
gives  substantial  improvements  in  accuracy.  Though  these 
calculations  were  made  for  one  specific  tracking  algorithm, it 
is  reasonable  to  expect  similar  improvements  when  other  algorithms 
are  modified  to  utilize  velocity  information. 

The  primary  criticism  of  Kulpinski's  results  that  should 
be  made  is  that  they  are  based  on  an  overly  idealized  model 
of  the  type  of  input  data  a tracker  may  normally  have.  MTD 
is  a handy  example  of  this,  with  examples  of  the  type  .of  input 
data  available  to  the  tracker  accessible  by  the  author  £j5j  . 

Typical  track  reports  for  MTD  are  often  obtained  from  20  or  so 
threshold  crossings  (occasionally  as  many  as  40  or  more  cross- 
ings) . (As  was  stated  earlier,  almost  3,000,000  different  range- 
azimuth-velocity  cells  are  thresholded  separately.)  A single 
target  can  cause  threshold  crossings  in  cells  corresponding  to 
two  to  four  ranges,  as  many  as  seven  azimuths,  and  as  many  as 
six  or  seven  velocities.  (Multiplying  the  numbers  quoted 
indicates  as  many  as  200  threshold  crossings  could  occur,  but 
not  all  of  the  possibilities  actually  result  in  threshold  cross- 
ings.) At  present,  use  of  the  velocity  information  in  tracking 
algorithms  (defining  tracks  by  adjacencies  in  range-azimuth- 
velocity  space)  has  been  largely  rejected  since  factors  such  as 
propeller  modulation  (which  can  give  doppler  components  at 
velocities  coming  from  propeller  rotation  which  are  considerably 
larger  than  the' components  from  overall  aircraft  motion)  has 
resulted  in  multiple  tracks  being  initiated  for  one  target  when 
velocity  information  is  used  to  determine  adjacencies. 

Despite  the  weaknesses  just  noted,  an  analysis  such  as 
Kulpinski's  analysis  given  above  is  valuable  in  pointing  out 
the  possibility  of  major  improvements  in  tracking  accuracy  if 
additional  data  is  tiised.  Finding  reasonably  optimum  tracking 
algorithms  which  utilize  the  other  parameters  available  is  an 
important  unsolved  problem. 

Other  Applications  of  Additional  Parameters 

Numerous  other  ways  in  which  the  additional  radar  parameters 
now  readily  obtainable  can  be  used  are  easily  visualized.  Careful 
examination  of  the  manner  in  which  such  information  might  best 
be  utilized  could  be  the  subject  of  considerable  useful  research. 
Only  a few  tentative  suggestions  will  be  given  here. 

No  real  applications  of  the  return  signal  strength  information 
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provided  by  radar  processors  such  as  MTD  has  been  discussed 
so  far.  One  application  of  strength  information  by  MTD  has 
been  in  determining  weighting  factors  for  target  returns  in 
order  to  accurately  locate  the  targets  in  azimuth  C53.  Although 
the  MTD  radar  has  an  azimuth  resolution  of  .75°  (480  coherent 
processing  intervals  per  antenna  revolution) , and  individual 
target  reports  may  span  as  many  as  5 to  7 CPIs,  the  rms  azimuth 
error  for  the  MTD  radar  is  currently  around  . 15°f5j.  Similar 
use  of  the  strength  for  defining  weighting  factors  can  Improve 
the  accuracy  of  various  other  estimates , such  as  range  or 
relative  velocity.  Some  caution  in  the  application  of  such 
weighting  factors  based  on  signal  strength  should  be  used 
because  of  the  extreme  variability  of  reflections  from  a complex 
target . 

A quick  and  not  very  systematic  examination  of  a limited 
amount  of  MTD  track  data  (given  to  the  author  by  Dr.  R.  M. 
O'Donnell  of  Lincoln  Laboratory)  indicates  some  definite  patterns 
in  aircraft  tracks  which  should  make  it  possible  to  improve 
tracking  algorithms  if  such  information  were  utilized.  The 
target  reports  corresponding  to  a typical  track  tend  to  display 
a reasonably  smooth  transition  between  doppler  velocities  (for 
the  dominant  doppler  components)  as  the  target  moves  along  a 
track.  As  the  target  approaches  a tangential  track  several 
things  happen:  the  dominant  doppler  velocity  components  approach 

zero  frequency  shift  (since  the  radial  velocity  approaches  zero), 
the  strength  of  the  return  signal  tends  to  increase  markedly 
(since  the  planes  being  tracked  are  normally  being  observed 
broadside) , and  the  number  of  different  range-azimuth-velocity 
cells  for  which  threshold  crossings  are  observed  tends  to 
increase  considerably.  (The  latter  factor  is  probably  a 
secondary  effect  of  the  increased  strengths  of  returns  from 
a broadside  target;  since  the  total  signal  return  strength  is 
far  greater,  threshold. crossings  begtfl  sooner,  (when  a shoulder 
of  the  main  beam  is  illuminating  the  target)  and  end  later,  and 
other  minor  return  signal  components  may  also  exceed  thresholds.) 

The  sample  of  track  reports  leading  to  the  above  comments 
was  too  limited  for  much  weight  to  be  given  to  the  track  report 
patterns  discussed.  Further,  some  of  the  difficulties  pre- 
viously mentioned,  such  as  strong  propeller  modulation  components 
in  the  returned  waveforms , do  not  appear  to  be  important  in  the 
limited  set  of  data  analyzed.  Nevertheless,  the  tendency  for 
successive  track  reports  to  form  predictable  patterns  appeared 
to  be  strong  enough  to  merit  further  study. 

The  extra  parameters  provided  by  radar  processors  such  as 
MTD  should  be  especially  useful  in  an  ECM  environment.  As  a 
general  principle,  making  it  possible  to  use  more  information 
in  the  received  waveform  should  help  to  combat  ECM,  assuming 
this  information  is  used  in  the  correct  manner.  (Basing  a 
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tracking  algorithm  strongly  on  parameters  which  are  easily 
corrupted  by  the  enemy  is  hardly  optimum,  whether  these  parameters 
are  currently  utilized  or  not.)  Proper  processing  of  information- 
bearing signals  (e.g.  by  matched  filters)  makes  it  possible 
to  extract  the  information  despite  an  adverse  signal-to-noise 
ratio,  though,  and  the  same  general  principle  holds  here.  If 
two  devices  utilize  all  the  information  they  are  given  in  an 
optimum  manner,  but  one  is  given  more  information  than  the 
other  (all  the  information  given  to  the  latter  plus  additional 
information) , the  device  given  more  information  cannot  perform 
worse  than  the  device  given  less  information.  The  key  assumption 
in  this  reasoning  is  that  both  devices  make  optimum  use  of  the 
information  they  are  given;  finding  optimum  ways  of  operating 
in  an  ECM  environment  may  be  so  difficult  that  the  arguments 
just  given  become  meaningless. 

One  category  of  ECM  techniques  especially  susceptible  to 
tte  type  of  techniques  suggested  above  (the  use  of  pattern 
recognition  techniques  in  tracking)  is  the  deception  typet 
of  ECM.  Techniques  such  as  sensing  a radar  signal  and  reradiating 
a subtly  altered  copy  of  the  signal  (to  deceive  the  radar  as 
to  target  range  ot  azimuth,  etc.)  could  become  far  more  difficult 
if  the  detailed  time  sequence  in  return  signals  from  an  actual 
target  had  to  be  mimiced.  Some  advantage  in  a jamming  environ- 
ment might  be  gained,  also,  but  this  is  more  speculative  (depending 
on  the  extent  to  which  the  effective  signal-to-noise  ratio  might 
be  increased) . 

Generating  strobes  to  locate  jammers  would  be  greatly 
simplified  through  use  of  some  of  the  types  of  extra  information 
provided  by  MTD  or  similar  techniques.  All  the  information  needed 
to  generate  Such  strobes  is  contained  in  the  descriptions  of 
ground  and  weather  clutter  within  MTD.  Mr.  C.  E.  Muehe  of  Lincoln 
has  indicated  to  the  author  that  generating  such  strobes  would  be 
a trivial  modification  of  MTD.  If  the  variations  in  jammer 
signals  were  examined,  it  might  even  be  possible  to  distinguish 
between  the  signals  from  different  jammers  sufficiently  to 
eliminate  ambiguities  in  strobe  crossing  patterns  for  multiple 
jammers.  Thus,  if  jammer  location  is  attempted  by  plotting 
intersections  of  strobes  as  reported  by  two  different  radars,  n 
jammers  would  result  in  n(n^i)  crossings  with  no  identification 
of  jammers  being  used.  If,  however,  the  2n  lines  plotted  could 
be  labeled  so  that  2 were  known  to  correspond  to  jammer  number  1, 
another  2 to  jammer  number  2,  etc.,  all  n jammers  could  be 
uniquely  located. 


Numerous  other  potential  uses  for 
can  be  visualized,  but  those  suggested 
potential  advantages  from  use  of  extra 
ticated  data  processing. 


extra  radar  parameters 
should  illustrate  the 
parameters  and  sophis- 
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A large  number  of  influential  people  are  very  critical 
of  the  idea  of  transmitting  track  data,  rather  than  radar 
video  data,  in  a tactical  environment.  They  state  that  in  a 
tactical  situation  a highly  skilled  radar  operator  can  extract 
information  from  a radar  display,  despite  the  presence  of 
jamming,  chaff,  etc.  far  more  reliably  than  this  can  be  done 
automatically.  Though  this  may  be  true,  the  communications 
requirements  for  transmitting  radar  video  between  large  numbers 
of  sites  are  so  formidable  as  to  make  this  approach  impractical. 
The  author  strongly  suspects,  moreover,  that  all  the  extra 
data  these  operators  utilize  is  included  among  the  extra 
parameters  available  from  radars  such  as  the  MTD  radars , and 
that  with  appropriate  effort  techniques  for  extracting  this 
data  can  be  developed.  Further,  he  would  suggest  that  any 
team  attempting  to  develop  such  techniques  include  one  or  more 
of  these  fabled  highly  skilled  operators. 

RADAR  NETTING 


As  more  sophisticated  radar  data  processing  techniques 
come  in,  it  will  become  feasible  to  more  fully  exploit  the 
potential  of  radar  netting.  Only  limited  applications  of  radar 
netting  have  been  made  so  far,  but  numerous  other  applications 
have  been  proposed.  A truly  effective  radar  net  could  greatly 
expand  the  effectiveness  of  the  radars  tied  into  the  net. 
Advantages  of  radar  netting  are  well  known,  but  some  of  the 
major  ones  are  briefly  summarized  here. 

The  basic  defining  feature  of  radar  netting  is  coordination 
of  the  use  of  various  geographically  dispersed  radars . This 
includes  both  appropriate  merging  of  the  reports  of  different 
radars  which  provide  multiple  coverage  of  the  same  area  and 
exchange  of  information  about  targets  in  geographical  areas 
covered  by  different  radars.  The  net  results  ill  greatly  improved 
and  coordinated  coverage  of  the  entire  area  spanned  by  the 
total  radar  net.  Currently  there  tends  to  be  relatively  little 
coordination  between  different  radars;  often  there  is  no  exchange 
of  data  between  radars  covering  the  same  area  (e.g.  between  Army 
missile  system  radars  and  Air  Force  surveillance  radars),  or 
when  data  is  exchanged  it  amounts  to  little  more  than  verbal 
(telephone  conversation  or  similar  contmunication)  transmission 
of  track  data  to  hand  over  coverage  from  one  area  to  another. 

If  the  capability  for  exchanging  information  among  radar 
3ites  is  available,  other  advantages  besides  improved  radar 
coverage  are  readily  obtained.  It  becomes  much  easier  to  pro- 
vide integrated  command,  control;  surveillance  and  weapon 
systems  which  cover  wide  geographical  areas.  This  can,  for 
example,  provide  the  capability  of  continuously  controlling 
aircraft  as  they  transit  over  the  entire  area  spanned  by  the 
radar  network..  Numerous  advantages  for  operating  in  an  ECM 


environment  could  also  be  mentioned,  since  the  different  radars 
will  have  many  new  ways  of  cooperating  to  foil  ECM  techniques. 

A few  of  these  are  discussed  below. 

Two  major  categories  of  netted  radars  that  have  been 
discussed  are  netted  tactical  radars  and  netted  surveillance 
radars  to  operate  in  a peacetime  environment  (with  a few  limited 
capabilities  for  operating  in  a tactical  situation  often  pro- 
vided.) The  problems  involved  in  netting  of  tactical  radars 
are,  as  a whole,  much  more  severe  than  those  involved  in  netting 
peacetime  surveillance  radars . This  report  concentrates  on  the 
more  severe  problem  case  of  netted  tactical  radars;  the  problems 
involved  in  netted  peacetime  surveillance  are  largely  a subset 
of  those  in  netted  tactical  radars . 

Basic  Assumptions 

Before  any  conclusions  regarding  recommended  netted  radar 
configurations  can  be  made,  the  basic  assumptions  leading  to 
these  conclusions  need  to  be  stated.  Some  basic  assumptions 
made  here  are  as  follows : 

1.  A wide  variety  of  radars  may  be  utilized  in  the  network. 
Although  the  radars  used  will  not  necessarily  be  current  radars 
(in  fact  the  fact  that  this  report  is  concerned  with  next 
generation  radars  indicates  most  of  the  radars  used  will  not 
be  current  models),  a brief  listing  of  a few  of  the  types  of 
radars  that  would  be  utilized  if  such  a net  were  implemented 
now  will  illustrate  the  variety  of  types  of  radars  to  be  expected 
later.  The  types  that  would  currently  be  included  would  include 
Air  Force  surveillance  radars  such  as  TPS-43Es  and  numerous 
other  types,  Army  missile  system  radars  such  as  SAM  D and  HAWK 
radars,  various  Navy  radars,  airborne  radars  such  as  the  E-3A 
radar,  air  traffic  control  radars  used  within  various  national 
boundaries,  etc.  Other  radars  besides  the  airborne  ones  can  be 
expected  to  have  some  degree  of  mobility.  If  the  network  is  to 
survive  the  very  likely  rapid  ground  advance  by  an  enemy  (with 
strong  numerical  manpower  and  armament  superiority)  during 
initial  stages  of  combat,  it  would  seem  to  be  imperative  that 
a great  deal  of  reliance  be  placed  on  mobile  radars. 

In  addition  to  their  being  of  varied  types,  the  radars  to 
be  utilized  in  a network  are  likely  to  differ  in  many,  if  not 
all,  of  their  basic  parameters.  Thus,  there  will  be  a variety 
of  pulse  widths  and  pulse  repetition  frequencies  used  (including 
low  prf,  medium-prf  and  high-prf  classes  of  radars,  or  even 
ov  radars  with  no  real  prfs  defined) ; both  2-D  and  3-D  surveillance 
radars  (plus  other  types  such  as  those  designed  primarily  for 
tracking)  will  be  used,  as  will  -range  radars  (possibly 

even  including  OTH  radars).  Also,  antenna  rotation  times  will 
differ  substantially  (if  complete  360°  rotation  even  occurs); 
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antenna  beamwidths  and  gains , and  numerous  other  parameters 
will  differ. 

2.  Despite  the  differences  in  radar  systems  just  discussed, 

the  general  types  of  sophisticated  radar  data  processing  techniques 
discussed  earlier  (in  the  material  on  utilization  of  extra  radar 
parameters)  will  be  generally  available.  Either  this  data  pro- 
cessing capability  will  be  designed  into  the  radar  initially,  or 
the  radar  will  be  mo*3ified  to  include  it,  or  at  the  very  minimum 
the  radar  output  data  will  be  fed  into  systems  to  interface  with 
the  rest  of  the  net  and  these  interface  systems  will  have  the 
type  of  processing  capabilities  discussed.  If  this  assumption 
is  not  true,  there  seems  to  be  little  hope  of  utilizing  the 
radar  in  the  network  in  anything  other  than  a superficial  manner. 

3.  The  communications  facilities  used  to  link  together  radars 
in  the  network  will  be  of  fairly  narrow  bandwidth  (e'.g.  voice- 
grade  or  similar  facilities) . Although  reasonable  transmission 
rates  on  such  facilities  are  going  up,  so  that  speeds  on  the  order 
of  9600  bits/ sec.  or  higher  are  entirely  reasonable  to  assume 
within  the  time  framework  considered  here,  transmission  of  raw 
radar  video  information  is  impractical  to  consider  over  more 

than  a small  fraction  of  the  network.  (It  may  be  reasonable  to 
transmit  radar  video  to  data  processing  systems  interfacing 
with  the  network,  if  no  real  data  processing  capability  exists 
at  the  radar.  It  is  not  at  all  certain  that  this  should  be  done, 
however;  normally  such  processing  should  be  at  the  radar  site. 
Arguments  for  this  are  developed  later.) 

4.  Adequate  dissemination  of  radar  data  to  various  command 
and  control  centers,  weapon  systems,  etc.  is  as  important  as 
adequate  collection  and  evaluation  of  the  radar  data.  To  the 
extent  possible,  the  information  disseminated  should  be  merged 
with  information  from  other  sources,  such  as  IFF/SIF  data, 
meteorological  data,  Intelligence  data,  etc. 

The  same  trends  leading  toward  more  sophisticated  radar 
data  processing  at  the  radar  site  make  it  reasonable  to  assume 
the  users  have  their  own  data  processing  capabilities  also. 

5.  A prime  goal  in  designing  a tactical  radar  network  is  system 
survivability.  Destruction  of  major  parts  of  the  network  should 
not  disable  the  remaining  parts. 

5.  Growth  capability  and  flexibility  of  the  network  are  also 
prime  concerns . Removing  elements  from  the  network  or  adding 
new  elements  (possibly  new  types  of  elements)  should  have 
minimum  impact  on  the  rest  of  the  network. 

Many  other  desirable  features  for  the  network  could  be 
listed,  but  the  assumptions  listed  seem  to  be  the  most  fundamental 


20-16 


IBP" 1 


ones  defining  system  requirements. 

Implications  for  Architecture 

The  basic  assumptions  listed  above  lead  to  some  tentative 
conclusions  about  the  type  of  radar  network  architecture  that 
should  be  implemented.  Some  conclusions  of  this  type  and  arguments 
for  their  validity  are  given  here.  It  should  be  emphasized, 
however,  that  these  are  only  tentative  conclusions  at  the  moment. 
Though  the  author  feels  the  arguments  given  here  do  indeed  lend 
to  the  conclusions  stated,  additional  information  such  as  modifica- 
tion of  the  system  requirements,  demonstration  that  the  approach 
suggested  is  infeasible,  etc.  could  easily  change  the  conclusions. 

The  requirements  that  the  radar  network  be  able  to  utilize 
a wide  variety  of  radars  while  providing  flexibility,  and  growth 
potential  (including  the  potential  to  handle  new  types  of  radar 
as  they  are  developed)  imply  that  standardized  network  interfaces 
must  be  developed.  Without  such  interfaces,  it  may  be  possible 
to  handle  a variety  of  radar  types  by  treating  each  case 
separately  and  developing  interfaces  for  each,  but  this  tends 
to  greatly  complicate  the  system  and  make  expansion  or  modifica- 
tion difficult.  Hence,  the  information  transmitted  over  the 
main  communication  links  utilized  should  be  standardized  formats, 
with  a limited  set  of  such  standardized  formats  defined. 

The  exact  locations  of  the  standardized  interfaces  is  a bit 
more  difficult  to  specify,  and  some  flexibility  in  location  may 
be  provided.  Normally  it  would  seem  most  logical  to  put  such 
an  interface  at  the  radar  itself,  but  on  occasion  it  may  be 
logical  to  perform  the  interface  functions  slightly  further  into 
the  network.  'The  latter  location  might  be  the  only  feasible 
location  when  attaching  older  radars  (developed  before  the  inter- 
face standards);  for  such  radars  it  might  be  best  to  interpose 
additional  interface  elements  between  the  radars  and  the  network. 

If  necessary  the  interface  elements  could  be  some  distance  away 
from  the  radars  (assuming  adequate  data  transmission  facilities 
were  available) . 

The  type  of  standardized  data  to  be  transmitted  on  the 
communications  network  also  needs  to  be  specified.  A variety 
of  types  of  messages  will  probably  be  transmitted,  including 
messages  involved  with  system  maintenance,  various  command  and 
control  messages,  etc.,  but  this  report  will  concentrate  on 
messages  containing  radar  surveillance  data.  Formats  for  the 
other  types  of  messages  must  also  be  established,  with  reasonable 
flexibility  maintained,  when  a detailed  architecture  is  developed. 

The  requirement  that  the  network  use  fairly  low  bandwidth 
data  transmission  facilities  places  strict  constraints  on  the 
types  of  radar  data  that  may  be  transmitted  between  locations. 
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Transmission  of  unedited  radar  video  is  obviously  ruled  out. 
Transmitting  large  amounts  of  clutter  data  is  also  ruled  out, 
as  the  analysis  given  below  indicates.  The  two  most  legitimate 
types  of  radar  reports  to  consider  for  transmission  appear  to 
be  target  reports  and  track  reports.  (One  other  possibility  is 
transmitting  information  obtained  by  applying  data  compaction 
techniques  to  radar  video,  but  this  possibility  has  not  been 
examined  carefully  during  the  course  of  this  study.)  It  does 
not  appear  that  either  track  reports  or  target  reports  has  a 
clear-cut  advantage. 

The  chief  advantage  of  transmitting  track  reports  is  that 
these  reports  more  concisely  summarize  all  the  most  relevant 
information  about  targets  than  do  a series  of  target  reports. 

It  is  relatively  simple  to  utilize  all  the  information  about 
targets  which  is  available  at  the  radar  site  to  generate  track 
reports,  since  only  the  algorithms  used  at  that  site  are  affected 
by  whether  such  extra  parameters  as  relative  velocity  or  return 
signal  strength  are  utilized  or  not;  such  parameters  do  not  need 
to  be  transmitted  to  other  locations.  Also,  current  technology 
trends  indicate  that  adequate  data  processing  capability  for 
generating  tracks  at  the  radar  sites  will  soon  be  easy  to  provide; 
doing  this  job  at  the  sites  may  more  fully  utilize  the  data  pro- 
cessing capability  that  will  probably  be  there  anyway.  At  the 
very  least,  correlation  of  target  reports  with  IFF/SIF  data 
at  radar  sites  seems  to  be  indicated. 


On  the  other  hand,  better  overall  tracks  might  be  generated 
when  the  tracking  is  done  at  central  sites.  This  is  especially 
likely  to  be  true  when  the  targets  being  tracked  are  in  areas 
covered  by  multiple  radars  since  a central  site  is  more  likely 
to  have  reports  from  all  relevant  radars.  (On  the  other  hand, 
a central  site  might  be  able  to  edit  track-reports  from  other 
sites  to  include  the  extra  reports  just  as  easily  as  it  could 
construct  tracks  by  merging  target  reports.)  Further,  utilization 
of  additional  relevant  information,  such  as  intelligence  information, 
in  tracking  is  more  likely  to  be  feasible  at  central  sites.  If 
target  reports  are  the  reports  generated  at  the  radar  sites, 
some  editing  or  condensation  of  them  before  transmission  is 
likely  to  be  needed,  however.  The  necessity  for  this  is  pointed 
out  by  a simple  calculation.  Assuming  100  target  observations 
per  scan  (a  reasonable  number),  are  generated,  and  100  bits 
per  target  report  (the  JSS  format  for  beacon  reports  reinforced 
by  reports  from  3-D  radars  requires  104  bits  per  report) , then 
an  average  833  bits/sec.  are  generated  with  one  report  per  target 
and  a scan  rate  of  5 scans  per  minute.  With  multiple  reports 
per  target  (recall  that  the  last  section  indicated  20  different 
reports  per  target  was  common  with  MTD,  the  different  reports 
distinguished  by  slight  variations  in  range,  azimuth  or  doppler 
frequency) , or  with  the  number  of  clutter  reports  common  with 
many  current  radars,  the  communications  capacity  of  the  lines  is 


likely  to  be  exceeded  with  moderate  numbers  of  targets  being 
observed. 

Although  the  arguments  given  in  favor  of  or  against  the 
use  of  track  reports  or  target  reports  are  both  incomplete  and 
inconclusive,  the  author's  current  bias  is  toward  the  use  of 
track  reports,  with  provision  for  further  editing  of  these 
reports  at  another  site  with  more  information.  A limited 
indication  of  the  quality  of  the  track  reports  would  aid  in 
the  editing,  at  a minimum  this  quality  report  might  be  a record 
of  the  number  of  times  this  target  was  detected  on  the  past  n 
scans  (with  n at  least  equal  to  the  number  of  successive  detec- 
tion failures  required  to  be  observed  before  the  track  is  dropped) . 

Some  major  architectural  questions  that  need  to  be  settled 
are  the  general  type  of  network  topology  (manner  in  which  the 
network  elements  are  interconnected)  and  the  general  classes 
of  network  control  algorithms  that  should  be  used.  These  are 
interacting  questions  which  are  strongly  influenced  by  the  types 
, of  data  processing  and  communications  facilities  available  and 
by  the  system  goals.  The  network  survivability  goal  mentioned 
earlier  is  one  of  the  most  dominant  goals  in  this  connection. 

Survivability  of  the  network  would  appear  to  dictate  that 
the  devices  attached  to  the  network  operate  as  autonomously  as 
possible  so  that  as  much  as  possible  of  the  network  might  con- 
tinue to  operate  if  other  portions  were  destroyed.  Further, 
a high  degree  of  connectivity  of  the  communication  circuits, 
in  order  to  allow  communication  to  take  place  despite  destruction 
of  major  parts  of  the  system,  would  appear  to  be  indicated. 

If  it  were  not  for  the  resultant  cost  and  complexity  problems, 
a completely  interconnected  network  of  completely  autonomous 
devices  might  appear  to  be  ideal  from  a survivability  viewpoint. 

When  practical  questions  such  as  cost  and  complexity  are 
considered,  a completely  interconnected  network  of  completely 
autonomous  devices  is  easily  seen  to  be  unrealistic.  Complete 
interconnection  of  N devices  requires  N (N-l)/2  different 
communications  channels , a number  which  is  only  realistic  for 
N small.  (Complete  interconnection  of  a small  number  of  centers 
at  the  highest  level  of  a hierarchical’  system  might  be  advisable 
though;  this  would  be  analogous  to  the  manner  in  which  AT  and  T 
has  completely  interconnected  the  approximately  half  dozen 
switching  offices  at  the  highest  level  of  their  nationwide  DDD 
(direct  distance  dialing)  network.)  The  closest  approach  to  use 
of  completely  autonomous  devices  in  a data  processing/communications 
network  at  present  may  well  be  the  ARPA  computer  network  (which 
is  doubly  connected,  with  at  least  two  independent  paths 
between  any  pair  of  nodes).  The  IMPs  (interface  message  pro- 
cessors) in  the  ARPA  network,  which  handle  communications  between 
nodes,  operate, almost  completely  autonomously;  each  IMP  maintains 


its  own  routing  tables  indicating  its  current  estimates  of  the 
best  routings  to  other  nodes  or  IMPs , and  updates  these  tables 
periodically  with  information  received  from  the  other  nodes. 

There  are  major  practical  L '^lems  in  achieving  this  degree  of 
autonomy  in  a tactical  radar  network,  however.  There  are  likely 
to  be  too  many  nodes,  and  too  much  variability  in  the  configura- 
tion of  the  network,  for  each  node  to  realistically  maintain 
routing  tables  for  communication  with  all  other  nodes;  adding 
or  subtracting  nodes  would  have  to  result  in  redoing  the  routing 
tables  at  all  other  nodes.  Further,  it  is  hardly  realistic  to 
expect  all  nodes  in  a tactical  radar  network  to  contain  communica- 
tion processors  approaching  the  sophistication  of  ARPA's  IMPs. 

A realistic  form  for  the  communications  network  in  a tactical 
radar  network  would  be  a hierarchical  network,  with  the  form  of  the 
hierarchy  similar  to  the  current  FACP-CRP-CRC-TACC  (forward 
air  control  post  - control  reporting  post-control  reporting 
center-tactical  air  control  center)  pyramid.  For  survivability, 
each  level  should  be  multiply  connected,  with  multiple  connections 
to  other  adjacent  levels.  The  degree  of  multiple  connectivity 
which  should  be  used  will  often  depend  on  what  can  physically  be 
provided,  e.g.  with  line-of-sight  microwave  communications, 
alternate  paths  can  only  be  provided  to  the  extent  that  alternative 
nodes  are  within  line-of-slght  distances  or  other  relay  facilities, 
such  as  airborne  relay  systems,  can  be  provided.  The  important 
factor,  though,  is  that  no  single  node  need  be  cognizant  of  the 
complete  set  of  paths  available  to  all  other  nodes. 

In  addition  to  the  technical  simplifications  introduced  by 
a hierarchical  network,  it  could  simplify  political  problems  such 
as  those  likely  in  a tactical  radar  network  interfacing  Air  Force, 
Army,  Navy  and  civilian  radars.  Each  political  unit  could  be 
given  considerable  control  over  the  interactions  within  its 
jurisdiction,  with  well-defined  interfaces  to  other  jurisdictions. 
(Although  this  fact  is  not  well  known,  the  areas  served  by  local 
switching  offices  in  the  U.  S.  telephone  system  tend  to  be  in 
areas  with  the  same  political  jurisdiction,  with  well-defined 
interfaces  to  switching  offices  in  other  political  jurisdictions, 
as  this  simplifies  the  process  of  getting  construction  permits, 
etc.  for  the  systems.) 

The  number  of  levels  for  the  hierarchy  and  the  precise 
manner  in  which  they  should  be  defined  and  interact  need  to  be 
worked  out.  The  four  levels  in  the  FACP-CRP-CRC-TACC  pyramid 
seem  reasonable,  but  other  numbers  should  be  considered.  Although 
the  definitions  of  higher  levels  of  the  hierarchy  should  be  based 
on  geography  (e.g.  a tactical  region  of  operations),  a combination 
of  geography  and  political  considerations  will  probably  be  better 
at  lower  levels  (e.g.  Army  SAM-D  radars,  E3-A  radars,  or  civilian 
radars  in  a given  area) . Each  level  would  be  responsible  for 
appropriately  summarizing  the  information  available  at  that  level, 


plus  transmitting  information  to  and  from  other  levels. 

One  of  the  primary  assumptions  given  earlier  was  that  appropriat 
dissemination  of  surveillance  data  to  users  was  one  of  the  most 
important  functions  of  the  radar  network.  Speed  of  dissemination 
would  be  greater,  and  communications  requirements  would  be  less, 
if  the  reports  to  users  originated  as  close  to  the  original  data 
sources  as  possible,  i.e.  at  low  levels  in  the  hierarchy.  On  the 
other  hand,  with  the  type  of  hierarchy  sketched,  these  low  levels 
are  likely  to  have  a much  less  complete  picture  of  the  total 
situation  than  higher  levels  which  have  additional  inputs  (possibly 
including  others  from  the  same  geographical  area) . This  implies 
that  reports  to  users  should  originate  as  far  up  in  the  hierarchy 
as  is  necessary  to  give  complete  information  (possibly  including 
information  from  non-radar  sources  such  as  intelligence  information) . 
PThenever  response  time  and  availability  of  communications  facilities 
permit,  originating  reports  at  a high  level  is  recommended.  Two 
main  exceptions  might  be  noted.  If  quick  notification  of  some 
event  (such  as  a SAM  launching)  is  extremely  critical,  such  a 
report  should  be  able  to  be  originated  at  the  first  point  where 
the  event  is  noted.  Also,  the  tactical  situation  could  result 
in  isolation  of  some  lower  levels  from  the  rest  of  the  network. 

They  might  still  provide  useful  information  if  they  are  provided 
with  the  capability  to  originate  reports  (based  on  all  the  data 
they  have  available)  to  users  who  are  connected  to  them. 

A variety  of  communications  control  algorithms  for  the  net- 
work need  to  be  investigated.  Both  centralized  and  decentralized 
control  are  worlh  consideration,  the  former  because  of  its  simplicity 
and  greater  potential  efficiency  and  the  latter  because  of  its 
apparent  advantages  in  survivability.  Types  of  switching  algorithms 
which  merit  investigations  include  circuit  switching,  message 
switching,  packet  switching  and  various  types  of  multiplexing  or 
concentration  schemes.  These  and  similar  questions  merit  con- 
siderable additional  study  before  decisions  are  made. 

Tradeoffs  in  Assembling  Composite  Picture 

One  area  where  new  techniques  will  need  to  be  developed  is 
in  combining  reports  from  different  radars  to  form  a composite 
overall  picture.  Passing  control  of  aircraft  from  one  radar  system 
to  another  is  common  practice  in  long-range  radar  flight  control 
systems,  but  this  does  not  mean  the  techniques  for  passing  control 
are  sophisticated  or  that  any  real  composite  radar  reports  are 
generated.  The  only  description  the  author  has  found  so  far  of  an 
operational  system  where  reports  from  asynchronously  scanning 
radars  are  really  merged  is  in  [6j , which  describes  a radar  detection 
and  tracking  system  developed  by  NRL  which  merges  reports  from  two 
different  shipborne  radars  (of  two  different  types)  to  generate 
tracks.  This  paper  and  some  of  its  references  are  worth  studying 
in  conjunction  with  developing  techniques,  but  there  are  fundamental 
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differences  between  the  situation  discussed  here  and  that  discussed 
by  Cantrell,  et  al,  in  (&]  . One  of  the  most  significant  differ- 
ences is  that  their  radars  were  very  nearly  contiguous  to  one 
another  (located  on  the  same  ship) , while  much  greater  geographical 
separation  is  likely  with  radars  in  the  type  of  radar  network 
visualized  here.  Another  significant  difference  is  that  it  was 
much  simpler  for  Cantrell,  et  al  to  provide  common  timing  data  to 
both  radars;  they  simply  fed  the  same  clock  to  both. 

Provision  of  common  timing  to  all  radars  in  a computer  net- 
work is  obviously  necessary  if  the  reports  from  the  radars  are  to 
be  merged  successfully,  since  the  differences  in  times  of  observa- 
tion of  a target  must  be  known.  Similarly,  the  relative  locations 
of  radars  must  be  known.  These  are  most  likely  to  be  problems 
with  mobile  radars  where  the  radar  location  may  change  with  time. 

A variety  of  techniques  for  handling  the  radar  location  and 
timing  problems  are  available  (problems  of  this  type  are  common) , 
and  no  attempt  at  describing  them  or  comparing  them  will  be  made 
here . 

If  adequate  information  to  determine  relative  timing  and, 
if  necessary,  relative  position  for  two  radars  is  available,  but 
the  two  radars  are  not  synchronized,  a plot  of  error  ellipses 
for  successive  scans  of  one  target  bing  tracked  might  look  something 
like  the  plot  in  Figure  7 (reproduced  from  reference  C3J).  Note 
that  the  difference  in  geographical  locations  of  the  two  radar 
sites  results  in  distinctly  different  orientations  of  the  error 
ellipses,  a factor  which  would  not  be  present  with  two  radars 
located  close  together  such  as  those  described  in  L6} . Intuitively 
it  seems  that  a tracking  algorithm  which  utilized  information  from 
both  radars  in  an  optimum  manner  would  be  characterized  by  error 
ellipses  with  each  axis  close  to  the  minimum  of  the  values  which 
would  be  obtained  by  measurements  from  site  A or  from  site  B. 

The  author  has  not  seen  any  real  study  of  tracking  algorithms 
for  this  case,  though; 

Three  modes  of  radar  target  data  netting  have  been  listed 
by  Allen,  et  al  in  an  initial  study  of  tactical  surveillance 
architecture  [7 J . They  have  called  these  modes  sequential  netting, 
interleaved  netting  and  simultaneous  netting.  Sequential  netting, 
which  they  expect  to  be  the  normal  mode  of  operation,  implies  that 
at  any  one  time  one  sensor  has  primary  responsibility  for  generating 
the  target  track  and  reporting  it.  Other  sensors,  which  may 
observe  the  same  track,  do  not  report  it  unless  their  track  is 
of  higher  quality  than  the  primary  sensor's  track.  (Obvious 
problems  with  this  approach  include  computation  of  an  adequate 
quality  index  for  tracks,  making  this  quality  index  and  the  cor- 
responding track  available  to  each  sensor  that  might  see  the 
target,  and  having  each  sensor  correlate  its  data  with  the  received 
data  adequately  enough  to  determine  whether  it  should  report  the 
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target  also  or  not.)  Interleaved  netting  corresponds  to  the 
general  situation  in  Figure  7 with  two  or  more  radars  reporting 
non- simultaneous  observations  of  a target  and  the  reports  merged 
for  tracking.  They  assume  this  mode  will  be  primarily  used  for 
tracking  rapidly  maneuvering  targets  where  the  observations  from 
one  radar  may  not  be  frequent  enough  to  maintain  tracking.  The 
third  mode  of  simultaneous  netting  implies  simultaneous  observa- 
tions by  multiple  sensors  and  is  analogous  to  multilateration . 

With  the  wide  variety  of  radars  likely  to  be  used  in  a tactical 
radar  network,  simultaneous  netting  will  probably  not  be  achiev- 
able in  many  cases,  although  it  may  be  feasible  for  a given  pair 
of  radars  if  at  least  one  has  a phased  array  antenna.  Allen,  et  al 
feel  this  mode  is  most  likely  to  be  used  in  ECCM  for  accurate 
jamming  strobe  triangulation  and  tracking. 

The  primary  reason  why  Allen,  et  al  have  indicated  a preference 
for  sequential  netting  as  a normal  mode  of  operation  is  that  it 
minimizes  communication  requirements  by  minimizing  the  number  of 
track  reports  communicated.  For  their  postulated  network  structure 
and  communication  facilities  this  is  a valid  reason  for  preferring 
sequential  netting.  The  author  feels,  though,  that  in  a hierarchical 
radar  network  of  the  type  suggested  here,  interleaved  netting  should 
be  feasible  and  is  definitely  the  preferred  mode  of  operation. 
(Simultaneous  netting  would  not  be  feasible  because  of  the  wide 
variety  of  radars  used.)  Defining  and  using  an  adequate  quality 
index  for  tracks,  reporting  the  tracks  with  associated  quality 
indices  to  all  appropriate  sensor  sites,  and  having  each  site 
correlate  its  target  tracks  with  tracks  communicated  to  it  and 
decide  whether  it  should  send  in  its  own  report  or  not,  are  far 
more  complex  than  simply  requiring  each  site  to  transmit  all  its 
target  reports  or  tracks  (whichever  is  the  chosen  parameter  to 
use)  to  the  next  higher  stage  in  the  hierarchy.  This  higher  stage 
could  then  make  its  own  decision  on  whether  it  should  use  the  data 
or  not.  Further,  with  reasonable  assumptions  on  data  traffic 
volume,  there  appear  to  be  no  real  problems  in  providing  adequate 
communications  rates  to  handle  the  necessary  traffic. 

A rough  indication  of  the  one-way  communications  rates  that 
might  be  needed  to  send  all  relevant  information  to  the  next 
stage  in  the  hierarchy  can  be  obtained  by  assuming  100  bits 
per  report  (track  or  target)  and  an  average  of  5 scans  per  minute. 
This  implies  an  average  transmission  rate  of  8.3  bits  per  second 
multiplied  by  the  average  number  of  reports  per  scan.  With  100 
reports  per  scan  (a  heavy  traffic  level  if  these  are  really  good 
quality  reports  so  that  almost  all  are  reports  on  actual  distinct 
targets) , 833  bits  per  second  would  be  the  average  data  transmission 
rate  from  a radar  to  its  next  reporting  level.  Most  communication 
facilities  proposed  could  handle  higher  rates.  If,  in  turn,  this 
level  transmitted  edited  versions  of  the  reports  it  received  to  a 
higher  level,  the  average  transmission  rates  necessary  on  this 
next  higher  levpl  link  should  not  exceed  4800  bits/sec.  for  data 
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from  as  many  as  six  radars  being  summarized  for  transmission  over 
this  link.  (This  assumes  some  slight  condensation  of  information 
results  from  editing  at  this  level.)  Transmission  rates  on  links 
at  still  higher  levels  might  be  somewhat  above  those  currently 
available  on  analog  voice-grade  transmission  facilities,  but  they 
should  be  readily  obtainable.  Provision  for  such  higher  rates  at 
these  levels  in  the  network  does  not  appear  unreasonable.  One 
possibility  for  types  of  links  used  might  be  HF  links  for  lower 
levels  and  tropo  links  for  higher  levels  in  the  network. 

The  transmission  rates  that  should  be  provided  for  communica- 
tion in  the  reverse  direction  (i.e.  from  locations  where  surveillance 
data  has  been  summarized  to  users  of  this  data)  will  depend  strongly 
upon  the  nature  of  these  links  and  the  types  of  summaries  felt 
necessary  to  be  exchanged  over  these  links.  It  may  or  may  not 
be  necessary  to  transmit  such  summaries  to  sensor  sites  (so  the 
data  Allen,  et  al , assumed  these  sites  would  have  may  or  may  not 
be  there).  It  is  more  important  to  get  the  data  out  to  locations 
which  would  be  responsible  for  sending  it  to  users.  Selective 
dissemination  of  information,  of  the  general  nature  of  that  pur- 
portedly to  be  provided  by  JTIDS  [8],  appears  advisable.  VJhether 
JTIDS  would  be  able  to  provide  adequate  informaation  rates  for 
this  dissemination  of  information  is  a question  that  has  not  been 
investigated. 

A major  type  of  tradeoff  in  netting  that  needs  to  be  investi- 
gated is  the  tradeoff  between  processing  data  at  a site  and  communi- 
cation of  the  data  to  another  site  for  processing.  An  example 
of  an  unresolved  question  of  this  type  is  the  question  addressed 
above  of  whether  target  reports  or  track  reports  should  be 
communicated  from  radar  sites  to  other  sites  at  higher  levels 
of  the  network  hierarchy  proposed  here.  The  previous  discussion 
of  this  question  left  the  answer  unresolved,  with  arguments  in 
favor  of  and  against  each  approach  given.  The  precise  form  of 
the  recommended  radar  network  and  its  imposed  loads  have  not  been 
pinned  down  precisely  enough  to  make  it  possible  to  make  precise 
recommendations  on  how  much  processing  to  do  where.  A few  general 
statements  can  be  made,  however. 

Current  technology  trends,  especially  LSI  and  the  rapid 
development  of  microprocessors,  are  making  it  advisable  to  do 
more  and  more  processing  at  radar  sites.  Any  processing  that  is 
heavily  dependent  upon  use  of  local  information  (e.g.  creation 
and  use  of  a clutter  map  or  of  weather  data  such  as  MTD  uses) 
should  normally  be  done  at  the  site.  There  may  be  exceptions,  but 
usually  the  reduced  data  transmission  requirements  resulting  from 
not  having  to  transmit  the  site  dependent  data  and  being  able  to 
transmit  only  processed  data  (normally  condensed  from  unprocessed 
data)  will  outweigh  any  other  factors.  On  the  other  hand,  it 
is  very  likely  that  processing  dependent  upon  information  from  a 
central  data  bapk  should  be  done  at  the  central  location.  There 
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are  more  exceptions  to  this  case  than  to  the  previous  one,  but 
either  transmitting  individual  files  of  information  to  the  radar 
sites  for  processing  or  maintaining  multiple  copies  of  the  data 
bank  cause  problems.  The  latter  is  especially  troublesome,  with 
detecting  and  reconciling  any  possible  differences  between  the 
data  banks  some  of  the  major  problems. 

A common  tradeoff  is  one  between  increased  data  processing 
time  and  increased  communications  time.  Usually  (but  not  always) 
any  data  processor  at  a remote  radar  site  could  be  expected  to 
be  less  powerful  than  the  data  processor  that  might  be  located 
at  a central  site  serving  a number  of  remote  sites.  (The  micro- 
processor speeds  currently  available  and  projected  to  become 
available  soon  are  so  great  that  it  might  appear  that  it  is  easy 
for  the  processor  at  a remote  site  to  be  faster  than  that  at 
the  central  site.  It  is  not  at  all  unusual  to  have  a fast  micro- 
processor poorly  matched  to  a job,  due  to  a mismatched  instruction 
set  or  other  reasons,  so  that  it  is  a much  slower  on  that  job  than 
a larger  processor .with  considerably  slower  cycle  time,  that  is 
better  matched  to  the  job.  Since  microprocessors  tend  to  be  very 
specialized,  this  situation  is  common.)  If  the  relative  speeds 
are  as  stated,  the  data  processing  location  giving  the  better 
response  time  will  depend  on  the  relative  magnitudes  of  the  changes 
in  data  processing  time  versus  data  transmission  time  as  the  pro- 
cessing location  is  changed.  The  author  has  seen  reasonable  cases 
favoring  each  location.  Further,  the  result  of  the  tradeoff 
can  vary  with  load.  If  there  are  a fairly  large  number  of  remote 
locations  per  central  location^  even  if  the  processors  at  the  remote 
sites  are  so  slow  that  processing  at  the  central  site  gave  faster 
response  times  at  light  loads,  the  multiple  slow  processors  might 
still  be  able  to  handle  larger  total  loads  than  the  single  fast 
processor.  HenCe,  response  times  with  processing  at  remote  loca- 
tions might  still  be  reasonable  when  the  central  processor  would 
be  saturated  if  the  processing  were  done  there. 

The  preceding  comments  assumed  that  a particular  data  pro- 
cessing job  could  be  done  at  either  one  or  the  other  of  two 
locations.  Often  the  tradeoff  is  more  complex,  with  possibilities 
of  doing  more  or  less  of  the  job  at  each  location  and  transmitting 
more  or  less  information  back  and  forth.  The  same  analysis  procedure 
would  hold  in  the  more  complex  cases,  with  relative  changes  in  data 
processing  and  data  transmission  compared. 

From  a reliability  viewpoint  it  is  normally  best  to  minimize 
the  number  of  different  devices  used  in  accomplishing  a job. 

This  could  imply  processing  is  better  done  at  the  radar  site, 
though  this  is  not  always  true.  Thus , if  the  job  is  not  really 
finished  until  data  is  available  at  the  central  site,  and  equipment 
is  fixed,  it  may  (to  a first  approximation  at  least)  make  little 
difference  whether  processing  is  done  at  the  radar  site  followed 
by  transmission  £0  the  central  site  or  transmission  to  the  central 


site  is  followed  by  processing  there.  A precise  study  of  relia- 
bility would  depend  on  so  many  unspecified  parameters  that  little 

more  can  be  said  now. 

Cost  is  another  factor  that  could  favor  either  approach. 

Relying  heavily  on  processing  at  each  of  N remote  sites  could 
conceivably  require  N applications  of  equipment  that  might  be 
needed  only  once  for  processing  at  the  central  site.  The  picture 
is  seldom  so  clear-cut,  though,  since  the  equipments  that  would 
be  utilized  in  the  two  cases  will  differ,  e.  g.  the  single  processor 
at  the  central  site  would  probably  be  more  powerful  than  one  of  the 
remote  site  processors.  Also,  with  current  trends  in  technology, 
there  is  very  likely  to  be  some  type  of  data  processor  at  each 
remote  site;  as  an  extreme  case  doing  the  processing  there  might 
be  essentially  free  if  there  were  enough  excess  processing 
capability  available.  Further,  changes  in  communication  costs 
also  need  to  be  considered. 

UNATTENDED  AND  MINIMALLY  ATTENDED  RADARS 

The  largest  single  increments  in  the  total  life-cycle  costs 
of  most  fixed  surveillance  radars  are  normally  the  costs  of 
manning  and  maintaining  the  radars.  This  fact  and  the  greater 
potential  for  automated  operation  afforded  by  the  new  technologies 
discussed  in  the  previous  sections  have  led  to  considerable  recent 
emphasis  on  the  development  of  unattended  or  minimally  attended 
radars.  These  types  of  radars  could  soon  give  lower  life-cycle 
costs  while  maintaining  performance  levels  similar  to  or  better 
than  those  of  current  attended  radars. 

Two  factors  which  may  limit  the  gains  in  life-cycle  costs 
to  be  obtained  with  unattended  or  minimally  attended  radars  are 
the  impacts  of  higher  initial  acquisition  costs  (especially  for 
unattended  radars)  and  the  effects  of  current  Air  Force  standards 
on  support  for  personnel  at  a site  (for  minimally  attended  radars) . 
Although  the  reliability  requirements  for  unattended  radars  are 
probably  technically  feasible  in  today's  era  when  electronic 
equipment  and  other  types  of  equipment  are  regularly  designed 
for  extremely  long-term  space  flight  missions,  ' the  reliability 
requirements  are  extremely  severe.  The  degree  of  redundancy 
required  for  such  systems,  the  requirements  for  derating  of 
components  to  prolong  their  life,  the  careful  testing  and  bum-in 
of  components  necessary,  and  the  many  other  special  factors  that 
must  be  considered  in  designing  for  extremely  high  reliability 
may  make  the  initial  acquisition  costs  of  such  systems  prohibitive 
in  most  situations.  Hence,  the  next  logical  alternative  suggested 
is  minimally  attended  radars . If  minimally  Attended  radars  are 
defined  to  be  radars  with  minimal  on-site  operations  and  maintenance 
crews,  though,  the  life-cycle-cost  savings  due  to  decreasing  the 
number  of  personnel  attending  the  radar  site  may  be  much  less  than 
most  persons  would  anticipate.  This  results  from  the  current  Air 
Force  standards ?on  support  for  the  crew  attending  the  radar. 


The  support  personnel  (including  chaplains,  medical  personnel, 
cooks  and  other  mess  hall  personnel,  etc.)  normally  greatly  out- 
number the  radar  operations  and  maintenance  personnel,  so  a major 
reduction  in  radar  operation  and  maintenance  personnel  would  have 
a small  reduction  in  the  number  of  personnel  required  at  the 
site  [9J. 

The  constraints  just  mentioned  indicate  that  the  best 
approach  to  minimize  radar  life-cycle  costs  might  be  through  an 
alternative  approach  with  the  radars  not  normally  attended,  but 
maintenance  personnel  available  to  be  flown  in  from  other  sites 
whenever  repairs  are  necessary.  This  would  tend  to  greatly  in- 
crease the  MTTR  (mean  time  to  repair  the  equipment)  but  the 
true  total  costs  for  maintaining  the  radars  would  be  greatly  re- 
duced. An  alternative  to  this  approach  could  be  contractor 
maintenance,  assuming  the  contractor  does  not  have  support 
standards  for  his  personnel  similar  to  the  Air  Force's.  (Simply 
paying  the  maintenance  personnel  high  salaries  to  compensate  them 
for  long  periods  of  isolation  is  cheaper  than  eliminating  the 
isolation  through  elaborate  support.) 

Since  the  technologies  discussed  in  the  previous  sections 
of  this  report  can  be  used  to  provide  automated  operation  of 
radars,  with  transmission  of  surveillance  data  to  remote  sites, 
the  central  problem  in  developing  unattended/minimally  attended 
radars  is  providing  adequate  reliability.  CAn  illuminating 
description  of  the  motivation  for  unattended/minimally  attended 
radars,  with  examples  of  applications,  is  given  in  ClOj.)  Hence 
this  section  of  the  report  focuses  on  reliability  requirements. 
Fixed  surveillance  radars  are  emphasized  instead  of  tactical  radars 
since  the  reliability  requirements  for  the  former  tend  to  be  more 
severe.  (The  ldtter  type  may  often  be  viewed  as  expendable,  with 
satisfactory  operation  during  a mission  of  limited  duration  the 
primary  requirement.)  Tactical  radars  definitely  have  reliability 
problems  also,  but  it  should  be  feasible  to  remedy  these  by  tech- 
niques such  as  replacing  critical  components,  eliminating  critical 
adjustments,  reducing  the  stress  on  components,  establishing  a 
satisfactory  margin  of  performance,  and  automating  the  status- 
monitoring and  target-reporting  functions.  An  excellent  discussion 
of  such  techniques  is  given  in  m 

The  next  subsection  is  a brief  discussion  of  some  of  the 
major  concepts  of  reliability  theory,  with  emphasis  on  trying  to 
clarify  some  of  the  more  confusing  aspects.  This  is  followed 
by  two  brief  theoretical  analyses  which  give  reinterpretations  of 
some  reliability  formulas  applicable  to  unattended/minimally 
attended  radars.  The  final  subsection  then  discusses  some  special 
factors  that  can  greatly  impact  the  reliabilities  of  such  radars, 
but  are  very  difficult  to  handle  with  current  techniques. 
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Comments  on  Reliability  Theory 


A brief  study  of  reliability  theory,  as  it  is  currently 
applied  for  predicting  the  reliability  of  equipment  of  various 
types,  can  be  thoroughly  confusing  to  a novice  who  is  conscien- 
tious enough  to  try  to  carefully  examine  the  formulas  being  pre- 
sented. A major  reason  for  this  confusion  is  the  multitude  of 
conflicting  definitions  used  for  very  similar  terms.  (A  friend 
of  the  author's,  who  works  on  reliability  prediction  for  one  of 
the  country's  largest  corporations,  has  collected  hundreds  of 
different  definitions  for  similar  reliability  theory  terms.)  The 
differences  in  definitions  commonly  result  in  slightly  different 
formulas  for  what,  at  first  glance,  would  appear  to  p&  the  same 
thing . 

Two  factors  contributing  to  the  proliferation  of  definitions 
and  formulas  are  the  difficulty  in  precisely  defining  terms  and 
the  division  of  responsibility  for  reliability  among  different 
organizations  which  normally  prevails. 

Two  examples  of  terms  which  are  difficult  to  define  are  the 
fundamental  terms  "failure"  and  "repair".  The  definitions  of 
these  terms  become  especially  difficult  in  systems  with  built-in 
redundancy  to  allow  them  to  survive  outages.  A failure  of  such 
systems  may,  or  may  not,  be  said  to  have  occurred  if  one  of  the 
redundant  modules  goes  down;  if  a failure  is  considered  to  have 
occurred,  its  duration  may  only  last  until  a spare  module  is 
switched  in  (with  various  degrees  of  preparing  the  spare  module 
to  take  on  the  load  leading  to  more  definitions),  or  the  failure 
may  be  defined  to  last  until  the  spare  module  is  repaired. 

Degraded  function  operation  resulting  from  partial  failure  of 
equipment  may  br  may  not  be  considered  to  result  in  system  failure. 
The  differing  viewpoints  of  different  organizations  involved  in 
system  reliability  also  come  into  play;  thus  a maintenance  organiza 
tion  will  not  normally  consider  a failure  to  have  occurred 
(according  to  any  records  it  keeps)  until  it  is  notified,  but  a 
user  organization  may  consider  it  down  as  soon  as  they  notice  the 
failure  (which  could  be  some  time  after  it  really  occurred) . 

Short  self-clearing  outages  would  not  normally  be  considered  to 
be  failures  by  the  maintenance  organization  if  they  were  not 
reported  to  it.  Another  situation  that  may  or  may  not  be  con- 
sidered to  be  a failure  is  when  the  maintenance  organization  makes 
a "no  trouble  found"  maintenance  call;  i.e.  they  didn't  find  any- 
thing wrong  and  the  system  was  working  when  they  left.  Periodic 
scheduled  preventive  maintenance  is  another  source  of  ambiguities 
as  it  may  or  may  not  be  considered  to  represent  a failure  or  outage 

Repair  times  are  especially  difficult  to  define  precisely. 

Some  possible  components  that  may  or  may  not  be  included  in  repair 
times  quoted  are  the  time  period  between  failure  and  call  of  a 
repairman,  the, further  time  delay  before  the  repairman  shows  up 
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(including  travel  time  and  other  delays),  the  time  required  to 
diagnose  the  failure,  the  time  required  to  obtain  any  necessary 
parts  (which  may  or  may  not  require  ordering  parts  which  are  not 
in  a local  spare  parts  supply) , the  time  required  to  remove  the 
old  parts  and  install  the  new  ones  (or  perform  any  other  actual 
repair  actions) , and  the  time  required  to  check  out  the  equipment 
and  verify  it  is  in  operating  condition.  Other  time  intervals 
that  might  be  considered  will  be  added  in  special  circumstances. 

A lack  of  understanding  of  the  effects  of  the  unavoidable 
divisions  of  responsibility  for  reliability  among  design,  manu- 
facturing and  maintenance  organizations  can,  and  often  does, 
lead  to  unreasonable  reliability  specifications.  An  interesting 
example  of  the  evolution  of  radar  reliability  specifications  and 
achieved  reliabilities  over  a period  of  several  years  is  given  in 
[ 12"]  ; a curve  plotted  there  shows  specified  mean  times  between 
failure"  (MTBFs)  increased  rapidly  with  time  while  the  achieved 
MTBFs  remained  essentially  constant.  (The  orginal  reference  for 
this  curve  was  some  work  at  Lincoln  Laboratory  cited  in  the 
reference;  the  cited  reference  is  quoted  here  rather  than  the 
original  reference  since  the  original  reference  is  classified.) 
Another  cons equence  of  lack  of  understanding  of  the  division  of 
responsibility  is  that  specifications  for  reliabiity  sometimes, 
if  interpreted  strictly,  impose  requirements  on  those  persons 
making  the  specifications  that  they  are  not  likely  to  be  able  to 
meet.  In  the  author's  opinion  a good  example  of  this  is  the 
current  mean  time  to  repair  specification  given  by  the  Alaskan 
Air  Command  for  the  SEEK/ IGLOO  proposal  Cl 33 . The  current 
specification  for  mean  time  for  repair  (MTTR)  is  1/2  hour,  which 
the  Alaskan  Air  Command  has  indicated  should  be  interpreted  as 
operational  I^TTR.  This  implies  that  the  total  time  the  radar 
-ls  down  for  any  reason  should  not  average  more  than  1/2  hour. 

Major  portions  of  this  total  down  time  (see  the  time  components 
listed  above)  will  be  the  responsibility  of  the  Alaskan  Air 
Command,  especially  if  Air  Force  maintenance  is  the  adopted 
policy.  To  further  point  up  the  stringency  of  this  MTTR  require- 
ment, it  might  be  noted  that  in  order  to  counter  the  effects  of 
a single  ten  hour  repair  time  (not  at  all  unusual,  especially  if 
parts  ever  have  to  brought  in  from  remote  locations)  a total  of 
38  repair  times  averaging  1/4  hour  (or  some  equivalent  combination) 
are  needed;  to  counteract  a single  5-day  repair  (the  maximum 
time  period  when  weather  conditions  are  expected  to  make  it 
impossible  for  a repairman  to  go  from  a nearby  living  quarters 
site  to  the  radar  site)  a total  of  478  repair  times  averaging 
1/4  hour  are  needed. 

In  general  it  is  unreasonable  to  expect  knowledgeable  con- 
tractors to  be  bound  to  reliability  specifications  which  are 
largely  beyond  their  control.  Unless  the  same  contractor  who 
designs  and  builds  the  equipment  is  responsible  for  its  maintenance 
(including  all  .required  logistics  support,  etc..),  the  most  the 
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contractor  can  do  is  achieve  a certain  MTBF  (assuming  the  terms 
are  defined  adequately)  and  provide  facilities  for  quick  "hands-on**' 
diagnosis  and  repair  of  the  equipment.  (This  can,  and  sometimes 
does,  lead  to  specification  of  the  actual  hands-on  portions  of 
the  repair  times.)  Such  repair  time  components  as  the  time  before 
a repairman  is  called,  travel  time  for  the  repairmen,  times  to 
obtain  spare  parts,  etc.  are  largely  beyond  his  control.  A com- 
plete and  realistic  technique  for  specifying  reliability  would 
involve  specifying  the  required|reliability  performance  for  each 
group  involved  in  achieving  the  desired  reliability. 

Although  each  of  the  definitions  of  reliability  terms  in 
current  use  makes  good  ser^e  in  the  context  for  which  it  was 
intended,  and  the  multitude  of  definitions  is  primarily  due  to 
conscientious  attempts  at  rigorously  defining  some  very  slippery 
concepts,  another  factor  tends  to  make  many  of  the  fine  distinc- 
tions meaningless  from  a practical  viewpoint.  This  factor  is 
the  standard  lack  of  information  about  precise  values  of  many 
of  the  parameters  needed  for  accurate  reliability  calculations. 

Fine  distinctions  between  different  definitions  of  such  terms 
as  time  to  failure  or  repair  time  become  meaningless  if  the 
parameters  themselves  are  only  known  to  within  a factor  of  two 
or  three,  or  even  an  order  of  magnitude.  Yet  parameters 
dominating  the  reliability  calculations  are  often  known  no  more 
accurately  than  this.  Two  examples  where  important  values  are 
especially  unlikely  to  be  known  are  the  rates  at  which  dependent 
failures  of  two  or  more  different  components  occur  and  the  rates 
at  which  software  failures  occur.  Dependent  failure  modes  and 
software  failure  modes  are  even  less  well  understood  than  most 
other  failure  modes  at  present,  but  dependent  failures  are  very 
likely  to  dominate  the  total  system  failure  rates  for  highly 
redundant  systems  while  software  failures  usually  dominate  the 
failure  rates  for  data  processing  systems  with  fairly  complex 
software.  In  general,  the  most  difficult  single  step  in  reliability 
prediction  is  usually  obtaining  reasonable  values  for  the  parameters 
needed  by  the  reliability  prediction  model  used. 

A final  comment  on  standard  reliability  theory  techniques 
is  that  the  statistical  models  upon  which  they  are  based  are  no 
more  than  useful  approximations,  and  there  is  convincing  evidence 
that  some  of  the  standard  assumptions  are  not  strictly  true. 

The  most  widely  applied  reliability  theory  techniques  are  based 
on  an  assumption  of  exponential  failure  rates,  which  is  widely 
felt  to  be  applicable  over  the  greatest  portion  of  the  equipment 
life  (after  an  initial  burn-in  period  during  which  weak  components 
were  weeded  out  and  before  the  wear-out  period  at  the  end  of  the 
equipment's  useful  life.)  A large  body  of  evidence  has  been 
accumulated  which  indicates  that  the  decreasing  failure  rate 
characterizing  the  initial  burn-in  period  is  really  characteristic 
of  the  total  useful  life  of  the  equipment  D-4- 16} . The  accumulated 
data  indicates  that  the  decreasing  failure  rate  persists  throughout 
the  useful  life 'of  the  equipment  with  only  nomimal  corrective 
action  taken  CIA , 153  . In  real  life,  however,  the  following  quota- 
tion from  0.(0  is  more  applicable,  "All  of  the  mathematical  folklore 


of  Reliability  works  with  the  assumption  of  constant  failure  rate, 
ut  all  of  the  management  effort  in  today’s  Reliability  arena  is 
to  make  sure  that  failure  rate  is  a controllable  variable."  If 
a conscientious  reliability  improvement  program  is  maintained 
throughout  the  useful  life  of  the  equipment,  there  seems  to  be 
little  doubt  that  reliability  can  be  consistently  improved  through- 
out most  of  the  equipment's  lifetime,  and  some  of  the  data  refer- 
enced seems  to  indicate  some  limited  improvement  can  be  expected 
even  without  a very  conscientious  reliability  improvement  program. 

The  implications  of  the  cited  results  for  the  unattended/ 
minimally  attended  radar  program  are  that  demonstrating  adequate 
reliability  in  qualification  tests  may  require  a much  longer 
burn-in  test  period  for  the.  equipment  than  the  conventional 
assumptions  would  indicate,  and  that  failure  to  achieve  the  desired 
reliability  goals  during  the  initial  time  period  after  .the  first 
radars  are  installed  does  not  necessarily  mean  the  goals  won't 
be  attained  by  the  same  equipment  at  a later  date. 

Reinterpretation  of  Some  Theoretical  Results 

A limited  amount  of  theoretical  analysis  directly  related 
to  the  reliability  of  unattended/minimally  attended  radars  has 
been  published.  These  analyses  reflect  a variety  of  definitions 
of  the  terms  unattended  and  minimally  attended.  Some  modifica- 
tions to  a few  of  the  approaches  are  briefly  studied  in  this 
section . 

One  approach  to  analyzing  the  reliability  of  unattended 
radars  is  to  compute  the  mean  time  between  failures  (MTBF)  needed 
to  achieve  a specified  probability  of  operating  without  failure 
for  the  unattended  period.  (This  analysis  involves  making  the  as- 
sumption of  constant  failure  rates,  or  constant  MTBFs.  No  attempt 
to  incorporate  decreasing  failure  rate  statistics,  which  the 
previous  subsection  indicated  were  more  realistic,  will  be  made 
here.)  With  the  specified  approach,  the  following  MTBF  values 
would  be  considered  to  be  needed  to  achieve  90%  probability  of 
satisfactory  operation  for  the  stated  period.  All  MTBF  values 
have  been  rounded  to  two  significant  digits  to  partially  reflect 
the  fact  that  such  parameter  values  are  not  normally  known 
precisely.  (Even  two  significant  digits  can  be  misleading.) 

MISSION  TIME  INTERVAL  REQUIRED  MTBF 


Months 

Hours 

Hours 

0.5 

365 

3,500 

1 

730 

6,900 

3 

2,190 

21,000 

6 

4,380 

42,000 

12 

8,760 

83,000 

All  of  the  listed  MTBFs,  especially  the  ones  for  the  more 
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useful  mission  time  intervals  of  three  months  or  longer,  are 
far  beyond  the  values  obtained  with  current  equipment.  Hence, 
all  approaches  to  meeting  these  MTBF  goals  involve  the  use  of 
highly  redundent , highly  sophisticated,  and  very  expensive^  designs. 

Fortunately,  the  completely  unattended  type  of  operation 
leading  to  the  above  J1TBF  values  is  more  than  should  be  really 
necessary  in  most  radar  situations.  Essentially  all  current  and 
proposed  radars  (aside  from  possible  space-borne  radars)  are 
repairable.  Even  if  they  are  not  normally  attended,  repair  crews 
can  be  dispatched  to  the  sites  when  they  go  down,  assuming  the 
fact  they  have  gone  down  is  known.  (Weather  conditions,  such  as 
may  be  experienced  in  Arctic  environments,  or  other,  factors,  could 
delay  dispatch  of  the  repair  crews.)  Under  most  conditions,  it 
is  more  meaningful  to  discuss  the  reliability  obtainable  with 
repair  crews  available,  but  with  the  repair  crews  not  .necessarily 
located  at  the  radar  site. 

An  analysis  of  the  repair  situation  just  described  is  given 
in  [17 ].  This  report  gives  the  result  of  an  analysis,  using 
standard  statistical  techniques  (an  approach  described  as  either 
use  of  equations  of  detailed  balance  or  of  birth-and-death  equations) 
of  a situation  with  M machines  and  Q repair  crews,  with  both  the 
failure  times  and  repair  times  exponentially  distributed.  The 
results  are  obtained  as  functions  of  M,  Q and  the  ratio  of  the 
mean  time  to  repair  (MTTR)  to  the  mean  time  between  failures 
(MTBF)  . The  results  given  in  [17]  include  plots  of  operational 
readiness  (defined  to  be  the  probability  no  more  than  K machines 
are  down)  versus  MTTR/MTBF  for  various  values  of  M,  Q and  K. 

Typical  plots  for  M = 13  (the  number  of  radars  planned  for  the 
Alaskan  SEEK  IGLOO  program)  and  various  values  of  Q are  given 
for  the  case  K * 0 in  Figure  8 and  for  K = 1 in  Figure  9. 

If  they  are  carefully  interpreted,  a reasonable  analysis 
of  the  effects  of  using  different  numbers  of  repair  crews  (different 
values  of  Q)  can  be  obtained  from  Figures  8 and  9 and  the  other 
material  in  [17].  It  is  easy  to  reach  the  misleading  conclusion 
that)  under  the  assumed  conditions,  increasing  the  number  of  repair 
crews  above  two  provides  little  improvement,  however.  The  fact 
that  there  is  little  difference  between  the  plotted  curves  for 
Q » 2 and  Q = 13  seems  to  imply  this.  Increasing  the  number  of 
repair  crews  above  two  can  substantially  reduce  the  MTTR,  and 
hence  the  ratio  MTTR/MTBF  used  as  the  abscissa  in  the  figures, 
so  that  the  relevant  point  on  the  curves  shifts  to  the  left. 

In  order  to  more  clearly  show  the  impact  of  the  number  of 
repair  crews  on  performance,  some  arbitrary  assumptions  will  be 
made.  It  will  be  assumed  that  with  13  repair  crews,  one  would 
be  located  at  each  site  and  the  (extremely  optimistic)  SEEK 
IGLOO  goal  of  1/2  hour  MTTR  [13]  can  be  achieved.  Further,  it 
will  be  assumed  tthat  with  one  repair  crew,  the  MTRR  (including 
travel  time)  would  equal  approximately  two  days  (listed  as  a 
reasonable  value  for  a DEW-Line  type  of  environment  in  the 
transmittal  letter  for  [17}  ).  Further,  in  the  absence  of  any 
evidence  to  the  contrary  the  (wild)  assumption  of  a linear 
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dependence  of  MTTR  on  Q will  be  made.  The  precise  formula  used 
will  be 

MTRR  = 52  1/2  - 4Q  (12) 

(The  value  assumed  for  Q = 1 was  increased  from  48  to  48  1/2 
to  simplify  the  formula).  Further,  the  MTBF  will  be  assumed  to 
be  1100  hours  (the  current  SEEK  IGLOO  specification) . 

With  these  assumptions,  values  of  the  ratio  MTTR/MTBF  have 
been  computed  for  various  values  of  Q and  the  corresponding 
values  of  operational  availability  read  off  of  Figures  8 and  9 
(interpoluting  between  the  curves  for  Q=1  and  Q=13  where  necessary) 
This  gave  the  curves  plotted  in  Figure  10,  which  shows  that  using 
more  than  two  crews  can  substantially  improve  reliability. 

One  other  factor  which  has  sometimes  been  treated  in  a 
misleading  manner  is  the  possibility  of  unattended  periods  for 
radars  which  normally  have  on-site  maintenance.  The  motivation 
for  considering  this  is  again  SEEK  IGLOO,  since  there  may  be 
periods  (stated  to  be  as  long  as  five  days)  when  weather  conditions 
make  it  impossible  to  reach  the  radar  site  from  nearby  living 
quarters.  In  113"]  this  possibility  is  treated  by  assuming  the 
reliability  of  the  system  during  an  unattended  period  is  equal  to 
its  availability  during  this  period.  Reliability,  however,  is 
normally  taken  to  be  the  probability  a system  remains  operational 
during  a period  of  time,  while  availability  is  normally  taken  to 
be  the  probability  the  system  is  operational  at  a randomly  chosen 
instant  of  time.  Even  if  the  radar  failed  during  an  unattended 
period,  a randomly  chosen  instant  of  time  falling  within  the 
unattended  period  could  fall  within  the  time  interval  when  the 
radar  was  still  operating.  A more  accurate  analysis  allows  for 
this  possibility. 

An  approximate,  but  more  realistic,  model  can  be  obtained 
by  assuming  that  the  availability  during  attended  periods  is 
identical  to  what  it  would  be  without  the  unattended  periods 
existing,  while  the  availability  during  unattended  periods  is 
the  fraction  of  these  unattended  periods  that  the  radar  is  operat- 
ing. (This  neglects  transient  effects  at  the  end  of  unattended 
periods  when  the  availability  could  be  expected  to  be  less  than 
assumed.  The  duration  of  such  transient  effects  will  normally 
be  too  short  to  for  them  to  significantly  affect  the  results.) 

If  an  unattended  period  is  of  length  6 and  the  radar  is  up  for 
a period  t,  after  the  beginning  of  this  period,  then  the  avail- 
ability during  the  period  will  be  taken  to  be  t^/6  for  t^  < 6 

and  1 otherwise.  The  usual  assumption  of  exponential  failure 
times  will  be  made  so  that  the  needed  values  are  readily  computable. 
If  the  MTBF  (or  mean  system  "up"  time)  is  denoted  by  U this  gives 
a term  of  the  form 

7 j/ 

' = _U  ( I _ e'w;  03} 
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as  the  conditional  availability  during  the  unattended  period, 
given  the  system  was  operational  at  the  beginning  of  this  period. 
This  term  should  be  multiplied  by  the  availability  at  the  beginning 
of  this  period  to  get  the  corresponding  unconditional  availability. 

If  there  is  one  unattended  period  of  length  6 in  a longer 
period  of  length  T (for  SEEK  IGLOC,  as  the  specifications  are 
now  stated,  6 would  equal  5 days  and  T one  year) , the  overall 
availability  can  be  obtained  by  taking  6/T  times  the  term  just 
computed  plus  (T-S)/T  times  the  availability,  A^ , of  a fully 
attended  system.  Thus 

a = a„  [rzi  + ( S/U)J  < i * ? 


where  A*  is  the  abailability  of  a fully  attended  system 

AC  = U (15) 

U+D 

with  D the  system  MTTR  (or  mean  "down"  time) . 


If  multiple  unattended  periods,  of 
occur,  an  obvious  extension  is 


lengths  I,  % • " * j 

£ e."  C'/U)J  '(it) 


After  deriving  the  above  results , the  author  discovered  an 
alternative  derivation  of  almost  identical  formulas  by  Levy  Cl8jf. 
(Levy's  formulas  are  very  slightly  more  complex  since  he  averaged 
the  availability  over  transient  periods  at  the  end  of  unattended 
periods,  but  the  extra  terms  he  obtained  are  insignificant  in  any 
practical  situation.)  Further,  Levy  has  shown,  by  taking  the 
lowest  order  terms  in  the  expansion  of  the  exponential  functions 
(and  ignoring  his  extra  terms)  that 


A 


c n) 


4o  that  the  effect  of  unattended  periods  is  proportional  to  the 
square  of  their  length.  Thus  the  single  5 day  period  postulated 
by  SEEK  IGLOO  is  equivalent  to  one  3 day  period  plus  one  4 day 
period. 

Although,  the  results  given  here,  and  by  Levy,  provide  an 


r 


I 


i 

i 

i 


a 

improved  way  of  handling  unattended  periods,  a realistic  approach 
would  involve  utilizing  the  probability  distributions  for  the 
number  and  duration  of  unattended  periods,  with  statistical 
averages  computed  with  the  aid  of  the  formulas  given. 

General  Comments  on  Reliability 

Some  special  factors  that  should  be  considered  in  evaluating 
the  reliability  of  systems  such  as  those  being  considered  here 
should  be  briefly  mentioned. 

In  systems  designed  for  extremely  high  reliability,  with 
appropriate  amounts  of  redundancy  to  achieve  this  reliability, 
it  is  common  for  the  reliability  to  be  primarily  determined  by 
dependent  failures  (where  more  than  one  failure  occur  at  once  much 
more  frequently  than  an  independent  failure  model  would  indicate, 
or  where  one  failure  tends  to  make  other  failures  more  likely 
by  increasing  loads  on  other  coitipbnents  or  some  other  mechanisms.). 

One  class  of  systems  where  dependent  failures  have  been  found  to 
be  dominant,  to  the  surprise  of  many  persons,  is  that  of  telephone 
communication  systems  with  redundant  lines.  The  manner  in  which 
the  telephone  plant  is  installed  causes  a large  amount  of  common 
equipment  to  be  used  by  different  telephone  lines,  so  failures 
of  two  or  more  lines  are  much  more  common  than  the  reliability 
literature  tends  to  indicate.  Other  mechanisms  may  cause  similar 
dependent  failures  for  other  classes  of  redundant  communication 
links.  A second  major  source  of  dependent  failures  is  software 
systems.  This  is  especially  true  if  backup  is  provided  by  having 
a backup  system  which  executes  the  same  programs  as  the  primary 
system  so  that  immediate  switching  can  occur  if  the  primary 
system  fails.  Since  software  bugs  often  are  of  a type  which 
cause  failure  every  time  a particular  section  of  code  is  executed, 
both  systems  are  likely  to  fail  simultaneously  if  a software 
bug  is  the  problem. 

Predicting  the  reliability  of  highly  redundant  systems  for 
which  dependent  failure  modes  may  dominate  the  failure  statistics 
is  especially  difficult  since  the  parameters  to  describe  the 
dependent  failures  are  usually  among  the  least  accurately  known 
reliability  parameters  for  the  whole  systems.  This  can  easily 
result  in  having  much  less  accurate  reliability  estimates  for 
systems  for  which  reliability  is  a prime  design  goal  than  for 
systems  for  which  reliability  has  been  considered  to  be  less 
important . 

Another  factor  which  is  ignored  in  the  majority  of  the 
reliability  computations  done  for  redundant  systems  found  in  the 
literature  is  reliability  of  some  of  the  special  added  equipment 
added  to  secure  extra  reliability.  Thus  in  triplicated  systems 
with  voting  the  reliability  of  the  vote-takers  is  extremely 
important,  or  in  other  systems  with  switching  the  reliabilities 
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of  the  switches  need  to  be  considered. 

CONCLUSIONS  AND  RECOMMENDATIONS 


Three  primary  areas  have  been  discussed  in  this  report.  The 
first  major  section  discussed  the  possibility  of  utilizing  extra 
radar  parameters,  such  as  velocity  return  signal  strength,  etc. 
(parameters  which  are  automatically  available  for  use  with  some 
of  the  more  advanced  radar  data  processing  techniques)  in  order 
to  improve  radar  performance.  The  second  major  section  discussed 
some  of  the  major  problems  and  design  tradeoffs  associated  with 
radar  netting,  and  the  third  section  discussed  reliability  con- 
siderations in  unattended/minimaliy  attended  radars.  Each  of 
the  discussions  was  a very  preliminary  nature,  and  each  topic 
merits  considerable  additional  work. 

The  initial  section  on  use  of  extra  parameters  demonstrated 
fairly  convincingly  the  fact  that  marked  improvements  in  per- 
formance are  possible  if  such  additional  parameters  are  used.  A 
variety  of  extensions  of  the  techniques  are  needed.  These  include 
more  careful  examination  of  the  accuracy  with  which  such  parameters 
as  velocity  may  be  known,  including  the  effects  of  such  things 
as  propeller  modulation  or  range/velocity  ambiguity  patterns. 

Major  improvements  in  the  realism  with  which  actual  measurement 
data  is  modeled  are  needed;  e.g.  the  measurements  obtained  from 
systems  such  as  MTD  are  far  more  complex  than  the  modeling 
assumptions.  Techniques  for  utilizing  other  parameters  besides 
velocity,  such  as  return  signal  strengths  as  a function  of  timq, 
could  also  be  fruitful.  ECCM  capabilities  of  the  techniques 
discussed  could  be  powerful,  but  have  hardly  been  investigated. 

The  most:  tentative  ideas  presented  in  this  report  have  been 
given  in  the  discussion  of  radar  netting.  An  attempt  has  been  made 
to  present  an  approach  to  radar  netting  in  which  the  basic  form 
of  the  network  folloVs  from  reasonably  convincing  reasoning  based 
on  the  system  requirements.  Reasonably  convincing  arguments  for 
a few  basic  elements  of  an  overall  network  architecture  have  been 
given.  In  the  opinion  of  the  author,  similar  arguments  can  be 
extended  to  develop  an  overall  architecture  superior  to  any  others 
he  has  seen.  Most  of  the  work  on  defining  such  an  architecture 
still  needs  to  be  done,  however.  This  is  especially  true  for 
the  architecture  of  the  communications  network,  which  may  well  be 
the  most  difficult  portion  of  the  system  to  design  and  implement. 
Numerous  other  difficult  problems,  such  as  tradeoffs  between 
data  processing  and  data  communications,  need  to  be  investigated 
also . 


The  final  area  covered,  of  reliability  problems  in  unattended/ 
minimally  attended  radars,  is  the  area  where  ongoing  work  seems 
to  the  author  to  be  most  likely  to  yield  satisfactory  results. 

The  maior  concern  is  whether  the  resulting  radars  are  going  to  be 
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cost-effective  in  an  actual  Air  Force  operating  environment.  The 
major  emphasis  of  this  portion  of  the  report  has  been  on  clarifying 
some  of  the  relevant  reliability  theory  concepts.  Some  advances 
in  these  techniques  are  needed,  though,  especially  in  finding 
techniques  for  handling  such  things  as  dependent  failure  modes . 

Although  the  three  areas  covered  in  the  report  appear  at 
first  to  be  disjoint,  they  are  all  important  problems  resulting 
from  the  same  general  technology  trends.  Each  is  becoming  important 
because  of  the  increasing  use  of  sophisticated  radar  data  processing 
techniques,  primarily  digital  techniques,  which  are  far  more 
flexible  than  previous  techniques  (as  exemplified  by  MTD's  use 
of  almost  three  million  separately  computed  thresholds  in  range/ 
azimuth/velocity  space)  and  provide  the  capability  for  greater 
automation  of  the  radar  data  processing.  Such  techniques  are  now 
coming  in  and  seem  almost  certain  to  provide  revolutionary  improve- 
ments in  the  effectiveness  of  radar  systems.  In  order  to  realize 
the  full  potential  of  such  techniques,  however,  the  .problems 
outlined  here  (and  other  related  problems)  will  have  to  be  solved. 

Lincoln  Laboratory's  MTD  has  been  the  primary  example  of  new 
radar  data  processing  algorithms  discussed  in  this  report.  It 
has  been  utilized  as  an  example  partially  because  of  accessibility 
of  information  on  it,  but  primarily  because  it  is  the  best  example 
of  state-of-the-art  radar  data  processing  known  to  the  author. 

It  is  based  on  implementing  some  radar  data  processing  algorithms 
that  are  very  nearly  optimum  for  the  class  of  radars  for  which  it 
is  currently  implemented,  with  the  implementation  taking  better 
advantage  of  the  flexibility  of  digital  data  processing  than  any 
other  similar  implementation  known  to  the  author  (save  for  the 
systems  based  on  MID  now  being  developed  by  various  manufacturers) . 
Use  of  three  million  separate  range/azimuth/velocity  cells,  each 
with  independent  thresholding,  and  use  of  a fine-grained  clutter 
map  with  separate  clutter  values  for  370,000  different  range/azimuth 
cells  are  both  examples  of  techniques  which  are  simply  not  feasible 
with  older  analog  techniques.  Similar  techniques,  with  implemen- 
tation of  near  optimal  algorithms  in  a manner  which  takes  full 
advantage  of  current  processing  techniques,  need  to  be  applied 
for  other  classes  of  radar  such  as  long-range  3-D  radars,  OTH 
radars,  airborne  radars,  etc.  The  precise  algorithms  used  by 
MTD  are  not  necessarily  recommended  for  other  classes  of  radars, 
but  the  philosophy  of  MTD  is  recommended.  Other  new  techniques 
such  as  CCD  techniques,  optical  signal  processing  techniques,  SAW 
device  technologies,  etc.  could  supplant  some  of  the  digital 
techniques  used  in  MTD  in  some  future  systems. 

The  potential  breakthroughs  which  may  result  from  the  new 
innovations  in  radar  systems  now  coming  in  are  exciting.  The 
problems  to  be  solved  in  order  to  realize  their  potential  are 
challenging  though.  Hopefully,  this  report  may  make  some  con- 
tribution toward  meeting  the  challenges.  Much  future  work  is 
needed,  though. 
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ANALYSIS  AND  SYNTHESIS  OF 
MRAS  IDENTIFICATION  TECHNIQUES 
FOR  HUMAN  OPERATOR  DYNAMICS 
by 

Bruce  K.  Colburn 
ABSTRACT 

A method  of  developing  identification  algorithms  referred  to  as  the  model- 
reference  adaptive  system  (MRAS)  approach  is  studied  as  regards  its  use  in 
human  operator  compensatory  tracking  tasks.  Both  algorithms  and  analysis  tech- 
niques are  developed  to  further  the  available  theory  for  identification  of 
aircraft  pilot  models.  In  particular,  on-line,  non-stationary  techniques  are 
studied.  Examples  are  included  to  illustrate  the  application  of  the  MRAS 
identification  approach  with  and  without  noise. 


1 
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I . INTRODUCTION 


The  human  operator  (i.  e.  pilot)  is  an  important  instrument  in  the  Air 
Force's  arsenal  of  equipment  and  manpower.  As  ever  higher  performance  air- 
craft are  designed  and  tested,  it  becomes  even  more  imperative  that  an 
accurate  handle  on  the  dynamics  of  the  human  pilot  be  available  for  analysis 
and  evaluation.  Aircraft  gunnery,  pilot  flying  in  a closed  loop  manner,  ef- 
fects of  stress  (eye  level  blood  pressure  due  to  0z>  nuclear  radiation,  heat), 
are  examples  where  accurate  knowledge  of  human  dynamics  are  important. 

During  the  last  decade  a great  volume  of  work  has  been  done  in  the  area 
of  off-line  identification  of  linear  systems  [1-10].  Generally,  the  most 
popular  algorithmic  technique  has  been  the  maximum  likelihood  technique,  a 
gradient  type  approach  [11-15].  Such  an  approach  has  been  successfully  applied 
to  determination  of  human  operator  dynamics  [16-20].  Other  approaches  include 
least  squares  [21],  weighted  least  squares  [22],  generalized  least  squares 
[23,  24]  instrument  variable  [25,  26],  frequency  domain  [27],  cross  correlation 
[28,  29],  stochastic  approximation  [30-32],  Bayesian  [33],  Kalman  Filtering 
[34-36],  and  the  Kleinman  optimal  control  model  [37-39]. 

The  basic  human  operator  problem  to  be  considered  is  the  single  axis  com- 
pensatory tracking  problem  shown  in  Figure  1 [40].  The  idea  is  to  determine 
techniques  and  procedures  for  obtaining  analytical  models  of  the  human  in  a 
tracking  task  mode.  One  very  common  approach  which  has  received  much  attention 
in  the  literature  is  that  of  assuming  a linear,  time  invariant  model  for  the 
human  with  an  added  noise  remnant  error  signal  to  account  for  differences  between 
actual  human  response  and  the  linear  model  response  [41-42].  The  model  is 


usually  of  the  type 


K(xlS  +1)  e (1) 

(t2S  + 1) (TjS  + 1) 

or  simpler  [43].  This  simplified  linear  model  form  is  shown  in  Figure  2. 

For  "short"  time  frames  K,  t^,  t,  t0,  may  be  considered  as  constant,  but 
for  "longer"  periods  there  is  evidence  that  the  human  varies  those  parameters 
[17,  44-46]. 

In  attacking  the  problem  of  determining  the  coefficients  of  the  model, 
a vast  amount  of  literature  has  been  written  on  the  subject.  A few  of  the 
relevant  surveys  include  [2-4].  In  rdceht:  years  a new  approach  to  identifi- 
cation has  emerged,  that  of  the  model-reference  adaptive  system  (MRAS)  con- 
cept [47-67].  This  method  is  a signifigant  departure  from  traditional  ap- 
proaches in  a number  of  ways,  (1)  a scalar  metric  lim  e(t)  = 0 or  lim  E{e)  = 0 

^ -Voo 

as  opposed  to  scalar  or  vector  summation  or  integral  criterion  (2)  using 
Lyapunov  theory  it  is  possible  to  insure  global  stability  of  the  parameter 
identification,  (3)  the  MRAS  technique  is  inherently  an  on-line  sequential 
approach,  allowing  for  its  use  in  the  identification  of  nonstationary  systems, 
(4)  unknown  system  parameters  are  treated  as  "gains"  of  a model,  with  the  end 
result  being  the  matching  of  model  parameters  to  those  of  the  system. 


II.  MRAS  APPROACH 

The  basic  MRAS  control  approach  is  illustrated  in  Figure  3.  There  is 
a common  input  to  both  the  plant  and  model  with  an  error  vector  used  as 
an  on-line  measure  of  identification  tracking  accuracy.  The  plant  dynamics 
are  of  the  form 


ipCO  * Ap(t)  2Lp ( + Bp(t)  u(t) 
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where  Xp  is  an  n-  vector  of  system  states,  u is  an  r-  vector  of  plant 
inputs  Ap(t),  Bp(t)  are  n x n and  n x r plant  matrices,  possibly  time- 
varying.  There  is  a corresponding  model  of  the  form 

x (t)  = A (t)  x (t)  + B (t)  u(t)  (3) 

— m m — m m — 

where  is  an  n-  vector,  Am(t),  Bm(t)  are  n x n,  n x r model  matrices. 

For  the  general  MRAS  case,  an  error  vector  e can  be  defined  as 

e(t)  = x^t)  - xp(t)  (4) 

Typically  for  the  adaptive  control  case  (the  reverse  of  the  identification 
approach).  Equations  (2)-(4)  are  used  to  define  an  error  differential  equation 


^(t)  = A (t)e(t)  + [A  (t)  - A (t)]  + 


(5) 


[Bm(t)  - Bp(t)]u(t) 

If  it  is  assumed  that  Ap(t),  Bp(t)  are  of  the  form 


. 

ca.(t)  + Ka.(t) 

_ 

. 

bu(c) 

II 

cjj(t)  + kJ  (t) 

(6) 


where  Clja(t),  (t)  are  unknown  time  varying  parameters  and  K^a(t), 

K^,k(t)  are  adaptive  gains  yet  to  be  determined. 

It  can  be  shown  [50]  that  by  using  an  appropriate  Lyapunov  function, 

cl  h 

expressions  for  the  adaptive  gains  K..  (t),  (t)  can  be  derived  which 


only  require  on-line  available  data. 
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constant  matrix  Q.  If  A (t) , B (t)  either  constant  or  meets  certain  criteria 

P P 

[51,  60,  68],  and  A (t) , B (t)  are  constant  matrices,  then  lim  e(t)  = 0 and 
m m 


the  plant  states  will  track  the  model  states.  This  concept  has  been  explored 
in  depth  for  many  years,  resulting  in  a number  of  adaptive  control  procedures. 
Note  that  in  this  case  all  plant  states  are  assumed  measurable. 

The  MRAS  identification  case  is  basically  the  reverse  of  the  control 
case.  This  configuration  is  shown  in  Figure  4.  Here  it  is  the  plant  which 
is  assumed  to  be  unknown  but  fixed  and  the  model  is  adjusted  so  that  lim  £ = 0 

t-KO 

and  a^  (t)  ->  a^P(t)  and  b ^ . m C t ) -*■  b^.P(t).  Because  generally  not  all  states 
are  available  for  measurement,  a considerable  effort  was  extended  to  be  able 
to  identify  a linear  single  input  single  output  (SISO)  system  from  only  input  - 
output  data.  For  a special  case  this  problem  was  solved  in  1973  [53] , although 
earlier  papers  alluded  to  the  problem  [54,  55].  Some  additional  work  has 
been  done  since  then  [65,  69-71]. 


To  understand  the  concepts  of  on-line  and  off-line  control,  refer  to 
Figure  5.  On-line  means  that  data  is  processed  in  real  time,  as  it  occurs,  and 
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an  inherent  assumption  underlying  this  is  that  the  computations  can  be  computed 
fast  enough  to  keep  up  with  the  data.  Off-line  means  all  of  the  data  is  re- 
corded and  stored  prior  to  the  start  of  the  computation  process.  Algorithmic 
speed  is  unimportant  here,  but  it  is  inherent  in  all  off-line  approaches  that 
the  system  parameters  being  identified  are  constant.  So  called  "recursive" 
maximum  - likelihood  procedures  have  been  developed  [72,  73]  but  they  are 
essentially  off-line  methods  which  operate  sequentially  on  packets  of  data 
which  are  subsets  of  an  entire  block  of  recorded  data.  In  these  subintervals 
it  must  be  assumed  the  coefficients  are  constant,  although  for  each  subinter- 
val one  could  assume  different  time-invariant  models,  resulting  in  a sequence 
of  "frozen  time"  constant  models. 


III.  IDENTIFICATION  WITH  MRAS 

A.  Analysis  of  Tuning  Procedures  for  a Class  of  Iden ti f iers 
Consider  the  nth  order  system 
w(k  + 1)  = $ w(k)  + G u(k) 

T (8) 

z(k)  = c w(k) 

where  w is  an  nth  order  state  vector,  u is  a scalar  input,  and  $ , G are  n x n 
and  n x r constant  matrices. 

It  can  be  shown  that  (8)  can  be  put  in  the  (2n-l)t*1  order  non-minimal 
realization  form  [74] 


x(k+l) 


!i  a 
r F 
o o 


r1 

+ 

/■N 

4* 

N-/ 

X! 

\ 

1 

o 

J . 

y (k)  - Xl(k) 

T X — T 

The  unknown  system  parameters  are  given  by  the  vector  C = (a^  a b ) 

— T 

with  ~S,  b of  size(n-l)xl.  The  pair  (r"  , F)  is  completely  observable,  F being 


k 


1 
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of  size  (n-l)x(n-l)  with  eigenvalues  such  that  J X± | <1  i = 2,  3,  ....  n 


I tT 


T i o 1 9 

x is  of  the  form  x = [xx  x1  , x ] , x , x each  of  size  (n-l)xl.  An 
observer  is  developed  for  parameter  estimation  f denotes  an  estimate)  as  follows: 

x^(k+l)  = a^(k+l)x^(k)  + aT(k+l)x^(k) 


+ b1(k+l)u(k)  + bT(k+l)x2(k) 


+ A^x^k)  - x1(k)] 


xV+l)  = F x1  (k)  + jc  Xl(k) 


x2(k+l)  = F x2(k)  + r u(k) 

with  A^  a constant,  |A^|<1.  Defining  a scalar  identification  error  e(k)  = 
kj(k)  - x^(k),  by  use  of  Lyapunov  theory  a parameter  identification  equation 
can  be  developed.  Defining  a parameter  vector  c_  = [a  , a , b , b ] and 

T fT  1 1 

T 2J. L ~2 1 

q = [x  , x , u,  x ] then 


c.(k+i)  = £(k)  - aP[ci(k)  ~ x1e1<k~1)]q(i<--i)  (11) 

where  0<a<2,  P is  an  arbitrary  positive  definite  symmetric  matrix,  and  A is 

max 

the  largest  eigenvalue  of  P.  Use  of  equations  (9)  — (11)  will  insure  global 
stability  of  c+c,  independent  of  the  initial  condition.  But  the  question  arises 
as  to  how  the  various  parameters  P,  A^,  ^max»  a effect  the  error  convergence  rate. 

One  approach  to  this  problem  is  the  development  of  a linearized  error  char- 
acteristic equation  (LECE)  f 7 5 , 76],  wherein  free  design  parameters  are  analyzed 
in  terms  of  root  locus  expressions.  Defining 

^ - c,  (12) 

and  assuming  u(k)  = u°  = constant,  k "large". 


F is  a diagonal  matrix  with  elements  A„,  A 


The  state  error  e and  parameter  misalignment  error  can  be  written  as 


4>(k+l)  = 4>(k)  - ap[e  (k)  - A.  e (k-1) ] q(k-l) 


max 


Under  the  assumptions  given,  lim  <e  (k)  = 0.  Suppose  lim  x (j) 


constant 


constant 


Suppose,  due  to  a non-zero  entry  <J>  , a perturbation  occurs  in  e.  , i.e 


where  e 


and  £ are  zero.  Then  the  error  perturbation  equation  for  e.,  is 


+ ti°  + A£(k+1)][3°  + A^(k) ] 
and  the  parameter  identification  perturbation  vector 


♦ + A£(k+1)  = (£  + A£(k))  - np[(e^  + Ae^(k)) 

- ^(ej0  + Ae1  (k-1) ) ] (<j°  + A^(k-l) 

XmaXlZ  + ^(k-l)lT[a°  + Aq (k-1)  ] 

i.  From  (13),  Pe  £ = pe1<^  = pe^  and  A = p.  Equation  (19)  becomes 
J.  J.  l m3  x 

A£(k+1)  = A^(k)  - a[Ae  (k)  - A-Ae  (k-1)]  q°  . 


Performing  z-transform  operations  on  (20),  (21),  an  error  root  locus  equation 
for  Ae^  results 

1 + -Ar  = 0 (22) 

z-1 

Since  it  has  been  proven  independent  of  this  linearization  that  the  system  is 
asymptoticaly  stable,  then  the  closed  loop  root  in  (22)  is  inside  the  unit 
circle,  which  checks  with  the  previous  constraint  o < a < 2. 

Equation  (22)  is  applicable  to  the  special  case  when  P is  diagonal 
with  equal  entries.  As  for  the  general  case,  refer  to  (19).  Performing  the 
z-transform  operation  and  removing  the  restriction  in  (13)  yields 


A(j)1(z) 


(z-1) 


■-xirl>r£ i Pik(,k 


o o 

< a . £ > 


Ae^(z) 


Using  (27) 


Ae1(z) 1 1 + 


« £ r p 

i=l  lk=l 


ik  qk  qi  I 7 = 0 


< 3.°,  a°  >(z-l) 


Note  that  (24)  reduces  to  (22)  for  the  special  case  of  (13).  Analysis  of  (24) 
is  difficult,  however,  because  of  the  individual  weighting  due  to  the 
elements. 

B . Development  and  Analysis  of  Continuous  Time  Observers 

One  of  the  greatest  hurdles  to  complete  observer  theory  was  the  means 

t h 

of  using  only  input-output  data  for  a general  n order  system,  completely 
Identify  the  system  characteristics  but  simultaneously  insuring  global 
asympototic  stability  of  the  observer.  A solution  was  found  in  the  Meyer- 
Kalman-Yacubovich  (MKY)  Lemma  [77-80]  which  was  first  used  in  adaptive  control 
by  Parks  [49]  and  applied  by  Carrol  [53]  and  Narendra  [65]  to  the  observer 


problem  in  order  to'  eliminate  all  but  a single  state  variable  from  the  computation 
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of  parameter  estimator  equations. 

Based  on  an  observer  approach  proposed  by  LUders  and  Narendra  [57],  a new 
method  for  linear  systems  identification  is  obtained  by  developing  a Lyapunov 
function  with  additional  terms  not  found  in  previously  proposed  methods.  The 
new  resulting  identification  rule  is  analogous  to  the  Gilbert,  Monopoli,  and 
Price  [52]  method  for  adaptive  control.  The  additional  terms  in  the  Lyapunov 
function  leads  to  parameter  estimator  gains  proportional  to  not  only  the  inte- 
gral factor  developed  by  LUders  and  Narendra,  but  also  proportional  and  deriva- 
tive terms.  It  is  shown  that  the  additional  terms  improve  the  identification 
convergence  rate.  The  possible  effects  of  noise,  however,  may  limit  the  proposed 
technique  in  practice. 

Consider  the  linear,  time-invariant  plant 
x * A x + B u 

-?  P ~P  P - (25) 

y = C x 
~P 

t h 

where  x is  on  n order  vector,  u is  a scalar  input,  C is  an  lxn  row  vector, 

y is  a scalar  output,  and  {A  , B } is  controllable  and  {A  , C}  observable.  It 

P P P 

is  known  [57]  that  the  triple  {Ap,  Bp,  C}  may  be  expressed  as  {A,  b,  h},  where 

A = T_1ApT,  b = T-1 , hT  = CT  (26) 

and  T is  a non-singular  transformation.  For  this  study,  the  following  canonical 


configuration  is  employed 

. 1 _/V 


y * (1  o o . . .o)  x 

where  A is  an  (n-l)x(n-l)  diagonal  matrix  with  arbitrary  constant  diagonal 

T 

elements  -X^,  X^  > o,  i = 2,  3,  ...,n  and  a = (a^,,  a^,  ...,a  ) and 


21-11 


b = (b, , b„,  . ..,  b ) the  2n  unknown  parameters  which  are  to  be  identified, 
~ 1 l n 

A model  is  constructed 


r « 

~ 

hi 

gi 

CM 

62 

A 

+ 

X3 

• 

• 

6 

• 

n 

X 

n 

_ 

u + w 


(28) 


th 


where  x is  an  n order  observer  vector,  and  8^  are  the  coefficients  that 

T 

are  adaptively  adjusted,  and  w is  an  auxiliary  input  vector,  w = (w^,  w^ , . . . ) , 
where  w^  = - x^)  and  w^,  w^,...  are  to  be  determined. 


The  adaption  response  error  is  defined  to  be 


x - x 


(29) 


Since  an  adaptive  identification  scheme  is  inherently  nonlinear,  parameter 
convergence  is  important.  To  insure  global  stability  independent  of  the  initial 
guess  of  the  parameters,  a Lyapunov  V function  is  employed.  The  basic  idea  is 
to  design  the  identification  gains  in  such  a way  that  as  t £ -*■  o,  ^ -*■  o,  £ •+•  o. 

In  addition  to  insuring  stability,  the  V and  V functions  selected  can  be  used  to 
estimate  the  system  convergence  rate  [81,  82].  Through  an  involved  series  of 
transformations  it  can  be  shown  that  (27)  and  (28)  can  be  employed  to  obtain  a 
scalar  error  equation 

r 

-1 


xiei  + xi  h + H 


1 |(sl  --A-)  * Xjts) 

+ u ^ + }{J^  1 f (si  -A)  1 u(s)^  i jj 
+ H exp  [A  t ] <;(t  ) 


(30) 


where  H ■*  (1,  1,  ...,  1)  is  an  (n-1)  row  vector,  e(t  ) is  the  initial  condition 
~T 

on  e,  and  £ = (P2>  P,},  ...Pn),  £ = a - a and  = ft  - b.  The  design  objective 
is  to  adjust  a and  t8  such  that  as  t ->■  «>,  -*  o and  i]/  •+•  o.  It  has  been  shown  [51] 

f arcing  e to  zero  is  not  a sufficient  condition  for  insuring  that  <p  and  V 
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1-2,  3,  ■ • • i n 

are  employed  and  if  u is  sufficiently  "frequency  rich,"  then  e^  = C 

■ t|»  4 0. 


— - 
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It  is  desired  to  use  the  LECE  technique  to  develop  a design  approach  for 


determining  the  selection  of  the  c^ , d^,  X^  coefficients  and  show  how  their 


selection  affects  the  adaptive  error  transient  response.  It  can  be  shown  [83] 
that  if  6^,  ^ are  expanded  in  a Taylor  series  under  an  appropriate  operating 


condition,  the  resulting  LECE  can  be  expressed  as 

(K1  + K2S)  = 0 


1 + 


(37) 


s(s  + X^) 


where 
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o 

2 

2 
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f.X  ° 
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f „V„ 
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f,v°  + ... 
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o 

+ 

1 1 

2 2 

3 3 

n n 

(38) 


2 2 2 
+ 82s2  + 83s3  + - • • + gnsn 


For  the  Lilder-Narendra  case,  (37)  becomes 


1 + 


= 0 


(39) 


s(s+xp 


where  is  as  before.  This  shows  that  the  new  identification  technique  allows 
for  greater  flexibility  by  providing  for  an  additional  zero  compensator. 


IV.  EXTENSIONS  TO  PRACTICAL  SITUATIONS 
In  this  section  the  uses  of  the  MRAS  approach  in  practical  situations  such 
a;  nonstationary  systems,  stochastic  case,  multi-input  multi-output  are  discussed. 
This  is  because  in  practice  the  human  acts  in  a noisy,  time-varying  manner. 

To  test  the  time  varying  parameter  tracking  ability  of  the  MRAS  identifiers 
in  Section  III,  a third  order  system  was  simulated,  with  the  plant  of  the  form 
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^2.  (z)  = a(t)..,z2  + 1 

u KZJ  3 2 

z - .6z  + .llz  - .006 

where  a(t)  = 2.5  + sin  (.002t).  Using  a model  of  the  form 

2 

y . . b.z  + b0z  + b, 

ym(z)  = _3 2 1 

u 3 2 

z + a^z  + a2Z  + 

The  input  was  a control  stick  error  signal  from  a human  tracking  problem  where 
an  tan  ^ type  waveform  was  being  followed.  The  result  for  the  time  varying  term 
is  shown  in  Figure  6.  Note  that  as  a + 1,  tracking  response  improves,  which  is 
as  predicted. 

To  further  demonstrate  the  importance  of  on-line  identification  for 
time-varying  systems,  the  previous  test  case  was  used.  The  classical  least 
squares  (LS)  technique  was  used  on  data  from  this  nonstationary  system.  Of 
course  the  LS  is  an  off-line  method  which  assumes  the  parameters  are  constant. 
The  results  are  tabulated  in  Table  I.  Note  the  terrible  answers  which  result 
from  the  LS  method. 

TABLE  I 

COEFFICIENT  TRACKING  ACCURACY 

Actual  See  Fig.  6 1 0 -.6  .11  -.006 

Least  Squares  3.15  -2.62  -.16  -1.71  .96  -.21 

On  Line  See  Fig.  6 1.02  .01  -.62  .15  -.01 

As  for  random  noise  on  the  input  and  output  corrupting  the  measured  signals. 
First  a correlated  input  noise  was  added  to  the  previous  third  order  example. 

The  plant  equation  was  of  the  form 
4 3 

a^  y(k-i+l)  = ^ b^  u(k-i+l)  + c^v(k)  + C2v(k-1) 

i=l  i=l 
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C1  = c2  " 1*  ai  = where  v(j)  is  a gaussian  white  noise  sequence  with  mean 
2 

zero  and  variance  a . The  identification  was  implemented  without  identifying 
and  Cj.  A nonstationary  set  of  values  of  a was  simulated  along  with  a 
fixed  control  case,  the  results  tabulated  in  Table  II.  The  overall  output 
tracking  accuracy  is  shown  in  Table  III,  where  a scalar  tracking  parameter  e 
is  defined  to  be 


N = number  of  data  points 


ya  = actual  output 


y^  = predicted  output 


TABLE  II 


COEFFICIENT 

TRACKING 

ACCURACY 

Actual 

-.6 

.11 

-.006 

0 

1 

0 

a = .05  * R 

’-.648 

.118 

-.004 

-.005 

1.075 

-.134 

a = .25  * P. 

-.496 

-.012 

.006' 

.15 

1.069 

-.135 

a = 20 

-.915 

.303 

-.021 

-.245 

.988 

-.120 

TABLE  III 

TIME  RESPONSE  TRACKING  ACCURACY 


Input  Noise  e 

Deterministic  .005 

o = .05  * R .06 

o = .25  * R .'302 

•a  = 20  .272 
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The  multi-input,  multi-output  case  can  also  be  handled  by  the  MRAS  approach. 
The  standard  ARMA  process,  as  shown  before  is  also  amenable  to  this  approach. 

The  difficulty  comes  in  attempting  to  obtain  exact  analytical  results  in  the 
presence  of  disturbances.  Some  work  has  been  done  [84  - 86]  but  the  complexity 
of  the  Lyapunov  functions  employed  makes  results  difficult.  The  metric  em- 
ployed in  the  noise  case  would  be  lim  E{e(t)}  = 0 or  some  related  quantity. 

t -*■  00 

Much  of  what  has  been  discussed  with  regard  to  the  MRAS  problem  applies 
also  to  SISO  systems.  Some  work  has  been  done  on  the  MIMO  case,  however 
[57,  87-89].  One  recurring  theme  in  all  identification  approaches,  MRAS  or 
otherwise,  is  the  necessity  for  the  input  being  sufficiently  "frequency  rich" 
or  "exciting".  Because  of  this^work  has  been  done  on  the  form  of  the  input 
function  157,  90-95]. 

Related  to  the  identification  algorithm  phase  of  identification  theory  is 
that  of  model  order  and  structure.  Generally,  some  sort  of  model  structure  is 
hypothesized  and  the  order  fit  determined  by  Chi-square,  t-test,  F~statistic 
[21],  whiteness  test  [36],  a goodness-of-f it  test  [36],  and  other  techniques 
[97-99].  Work  has  also  been  done  in  the  area  of  system  structure  [100-104]. 

One  other  area  relating  to  modeling  that  has  previously  been  discussed  is 
that  of  the  Kleinman  optimal  controller.  This  approach  presumes  that  the  human 
operates  in  some  "optimal"  manner.  Generally  some  form  of  a quadratic  error  and 
error  rate  criterion  is  employed.  Unfortunately,  it  is  not  clear  that  this  is 
how  the  human  operates  [105]. 


V.  SUMMARY  AND  CONCLUSIONS 

Most  identification  techniques  employed  for  human  operator  identification 
have  involved  the  use  of  off-line  algorithms,  with  model  parameters  and  noise 
statistics  assumed  time-invariant.  Recently,  the  (MRAS)  concept,  wherein  human 


— 


operator  parameters  are  treated  £.8  gain  terms  of  a model,  has  come  into  use. 
Here  parameter  stability  and  convergence  are  assured  as  part  of  the  identifi- 
cation algorithm  development.  It  is  especially  useful  because  in  practice,  it 
can  handle  the  time-varying,  adaptive  human  characteristics.  Limited  study 
of  MRAS  stochastic  identifiers  suggests  that  it  can  be  a viable  technique 
with  further  development. 
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Fig.  1 Single  axis  compensatory  tracking  system 
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ABSTRACT 


A mathematical  model  of  the  closed  loop  human  blood  pressure  regulation 
system  was  derived  from  eye-level  blood  pressure  responses  to  +GZ  stress. 
Fourier  transforms  of  input  +GZ  profiles  and  output  radial  arterial  blood 
pressure  (sensed  at  eye  level)  were  previously  taken  on  3 subjects  during 
USAFSAM/VNB  centrifuge  experiments.  The  transfer  functions  (TF)  were  calcu- 
lated as  the  Fourier  transform  of  the  eye-level  blood  pressure  divided  by  the 
Fourier  transform  of  the  input  +GZ  stress.  The  ensemble  average  of  this  data 
(3  subjects,  21  test  runs)  was  used  to  identify  the  dynamic  characteristics  of 
the  human  blood  pressure  regulation  system. 

The  ensemble  averaged  TF  was  used  to  generate  a mathematical  TF  and 
transfer  functions  simulated  on  an  analog  computer.  Frequency  error  analyses 
of  the  TFs  and  time  error  analyses  of  the  blood  pressure  responses  were  cal- 
culated. The  simulated  TFs  were  used  to:  (a)  predict  blood  pressure  responses 

to  arbitrary  +GZ  stress  inputs,  (b)  reveal  the  closed  loop  characteristics  of 
the  blood  pressure  regulation  system. 
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INTRODUCTION 

Experimental  Investigations  on  centrifuges  have  demonstrated  that  subjects 
exposed  to  +GZ  stress  exhibit  a non-linear  drop  in  blood  pressure,  character- 
istic of  an  underdamped  system,  with  a similar  return  to  normal  with  the 
completion  of  the  stress  input.  A block  diagram  of  the  physiologic  parameters 
which  characterize  this  system  is  given  in  Figure  1.  The  closed  loop  blood 
pressure  regulating  system  functions  to  maintain  a constant  systemic  arterial 
pressure.  A decrease  in  blood  pressure,  sensed  primarily  by  the  baroreceptors 
in  the  carotid  sinus  and  secondarily  by  the  baroreceptors  in  the  aorta,  results 
in  an  increased  neural  output  Ni(t)  of  the  baroreceptors.  This  Increased 
afferent  neural  activity  Ne(t)  is  sensed  by  the  medullary  vasomotor  and  cardiac 
centers  which  then  increase  the  blood  pressure  by  increasing  heart  rate, 
stroke  volume,  and  peripheral  arterial  resistance.  If  the  +GZ  stress  is  great 
enough  to  reduce  the  eye-level  blood  pressure  to  about  30  on.  Hg.,  blood  flow 
to  the  eye  ceases  and  black-out  will  follow,  [l] 

Previous  work  on  correlating  +GZ  stress  to  blood  pressure  has  been  done 
on  anesthetized  dogs  [2  - 7]  or  in  verifying  the  steady  state  human  response 
[8  - 9].  The  data  on  dogs  is  not  readily  applicable  to  humans  due  to  the 
administration  of  an  anesthetic  and  the  differences  in  physiologic  parameters. 
The  steady  state  human  studies  are  unable  to  predict  human  tolerances  to  non- 
steady state  forms  of  +GZ  stress,  due  to  the  dynamic  time  constants  and  natural 
frequency  of  the  blood  pressure  response. 

The  data  needed  to  determine  the  human  dynamic  eye-level  blood  pressure 
response  to  +GZ  stress  was  taken  on  the  USAFSAM/VNB  centrifuge.  This  data  was 
used  to  determine  a transfer  function  relating  input  +GZ  stress  and  eye-level 
blood  pressure.  This  transfer  function  was  simulated  on  an  analog  computer, 
its  characteristic  forms  representing  the  closed  loop  transfer  function  of  the 
blood  pressure  regulating  system. 


OBJECTIVE 

The  objective  of  this  study  was  to  generate  a model  of  the  blood  pressure 
regulation  system  in  order  to:  a)  predict,  for  any  +GZ  stress  input,  the  eye- 

level  blood  pressure  and  particularly  the  point  of  zero  eye-level  blood  flow, 
b)  generate  new  physiological  information  about  the  closed  loop  blood  pressure 
regulation  system. 


MATERIALS  AND  METHODS 

Data  Collection:  Three  relaxed,  experienced,  unprotected  subjects  were 

previously  tested  on  the  USAFSAM  centrifuge.  Each  subject  had  at  least  one 
ramp  +GZ  input  stress  (Gradual  Onset  Run — GOR)  (.1  G/sec  with  a maximum  of 
4.3  to  6 Gz)  and  four  plateaus  (Rapid  Onset  Run— ROR)  (1  G/sec  with  a maximum 
of  2.5  to  4 Gz).  Each  subject  was  also  tested  with  Simulated  Aerial  Combat 
Maneuver  (SACM)  +GZ  stress.  Eight  different  SACM  profiles  were  used  with  a 
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maximum  slope  of  1.8  G/sec  and  a maximum  G magnitude  of  4.5.  Each  subject  was 
exposed  to  at  least  four  different  SACM  profiles. 

The  eye-level  arterial  blood  pressure  was  measured  by  inserting  a cannula 
in  the  radial  artery  and  placing  the  pressure  transducer  at  eye-level.  The 
+GZ  stress  and  blood  pressure  were  simultaneously  recorded  during  each  run. 

All  data  was  tape-recorded  for  later  analysis. 

After  low-pass  filtering  (3  dB  at  1 Hz),  the  eye-level  blood  pressure  and 
+GZ  stress  was  put  into  a Hewlett-Packard  545 IB  Fourier  Analyzer.  The  sampling 
period  was  200  seconds.  The  interface  circuitry  was  a 10  bit  ADC  with  a 
sampling  rate  of  1.275  samples/sec.  The  data  was  transformed  into  the  fre- 
quency domain  and  the  transfer  functions  were  generated  by  dividing  the  output 
blood  pressure  by  the  +GZ  forcing  function.  The  ensemble  average  of  the  21 
transfer  functions  generated  from  the  +GZ  profiles  was  calculated.  The  rectan- 
gular and  polar  coordinate  form  and  the  impulse  response  of  the  averaged 
transfer  function  (TF)  are  given  in  Appendix  A.  The  first  25  frequency  chan- 
nels (5  mHz  per  channel)  are  shown  for  the  transfer  functions.  The  first  50 
channels  (.078  sec  per  channel)  are  shown  for  the  impulse  response.  Only  the 
first  25  frequency  channels  were  used  since  99.7%  of  the  +GZ  stress  energy  was 
below  . 125  Hz. 

The  averaged  transfer  function  was  used  to  generate  the  eye-level  blood 
pressure  response  to  the  +GZ  profiles.  Typical  results  are  shown  in  Appendix 
B.  It  was  assumed  that  a mathematical  expression  which  duplicates  the  fre- 
quency profile  of  TF  could  predict  the  eye-level  blood  pressure  response  to  an 
arbitrary  +GZ  stress  input  with  zero  error. 

The  frequency  profile  of  TF  was  previously  determined  to  approximate  the 

form: 

(R  + 25. 5)2  + (X  - 3. 5)2  - 102  Eq.  1 

where  TF  - R + jX 

This  geometrical  transfer  function  (TFm)  was  "keyboard"  entered  into  the 
Fourier  Analyzer  with  the  results  shown  in  Appendix  A.  This  geometrical 
transfer  function  was  then  used  to  generate  the  eye-level  blood  pressure 
response  to  the  same  +GZ  stress  inputs.  Typical  responses  are  shown  in 
Appendix  B. 

The  form  of  the  impulse  response  corresponding  to  TF  was  examined  and 
determined  to  be  of  the  form: 

TF(t)  = KYe~at  sin  (wt-HJ)  Eq.  2 

where  a ■ . 30 

u>  ■ .26  rad. /sec. 

0 - -42° 
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This  TF  impulse  response  can  be  written  in  the  form: 

fib  - a) ^ + a2)  -at  . , . , As 

IM  = J 2 sin  (ut  + 0) 

where  0 - tan  7 

"lb  - aj 

The  Laplace  Transform  of  IM  is: 


Eq.  3 


{ih} 


s + b 

2 2 
(s  + a)  + w 


Therefore  the  transfer  function  has  the  form: 


{!} 


(23,48s  + 2.17) 
2 

s + . 6s  + . 16 


Eq.  4 


Eq.  5 


This  corresponds  to  the  following  differential  equation  relating  +GZ  stress 
(G)  and  eye-level  blood  pressure  (?) . 


P + .6P  + . 16P  = -(23.48  G + 2.17  G) 


Eq.  6 


This  equation  was  simulated  on  an  EAI-MINIAC  analog  computer.  The  parameters, 
P (eye-level  blood  pressure)  and  G (+GZ  input  stress)  were  sampled  by  the 
Fourier  Analyzer.  The  Fourier  Transform  was  taken  and  P(iu)  divided  by  G(u>). 
The  resulting  transfer  function  (25  terms)  and  the  resulting  Impulse  response 
is  shown  in  Appendix  A.  This  simulated  transfer  function  (TFa)  was  then 
used  to  generate  the  eye-level  blood  pressure  response  to  the  previously 
used  +GZ  stress  inputs.  Typical  responses  are  shown  in  Appendix  B. 


This  transfer  function,  simulated  on  the  analog  computer: 
_ -13.56(1  + 10.77s) 


(1  + 3.75s  + 6.25s) 


Eq.  7 


was  used  as  the  first  "fit"  for  a regression  analysis  on  TF.  The  closest  fit 
(neglecting  the  aberrant  18th  point)  using  the  same  characteristic  form,  is: 


-16.2  (1  + 9.68s) 
(1  + 5.04s  + 6.03s2) 


Eq.  8 


This  transfer  function  had  a standard  deviation  of  .35  with  respect  to  the 
first  17  channels  of  T?.  The  first  17  channels  contain  at  least  95%  of 
the  +GZ  stress  power. 
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In  order  to  better  fit  the  higher  frequency  components,  a regression 
analysis  was  done  with  another  zero  added  to  the  function.  The  equation  that 
was  generated  is: 


NH 


-19.9(1  + 4.51s  + 5.34s 
(1  + 2.63s  + 7.33s2) 


With  respect  to  the  first  17  channels  of  TF  this  transfer  function  had  a 
standard  deviation  of  .30.  Only  a regression  curve  for  a higher  order  equation 
could  yield  a smaller  standard  deviation.  Considering  the  physiological 
compartments  being  modeled,  further  analysis  was  considered  impractical. 


The  regression  equation  form  was  then  altered  to  include  a time  delay 
term.  The  "best  fit"  equation,  of  this  form,  is: 


-20.6(1  + 3.21s)  e 


1. 19s 


(1  + 2.47s  + 6.47s  ) 


The  standard  deviation,  of  this  transfer  function,  with  respect  to  the  first 
17  channels  of  TF  is  .28.  Note  that  the  time  delay  is  negative  (positive 
exponent),  implying  an  anticipatory  component  of  the  blood  pressure  response 
to  +GZ  stress. 

The  single  zero,  two  pole  transfer  function  (TFreg. , Eq.  8)  was  simulated 
on  the  analog  computer.  The  frequency  characteristics  of  this  transfer  func- 
tion and  the  resulting  impulse  response  is  shown  in  Appendix  A.  This  transfer 
function  was  then  used  to  generate  the  eye-level  blood  pressure  response  to 
the  previously  used  +GZ  stress  inputs.  Typical  responses  are  shown  in  Appen- 
dix B. 


A frequency  error  analysis  of  the  transfer  functions  was  done.  The 
ensemble  averaged  transfer  function  (TF)  was  used  as  the  standard  function. 

As  seen  in  Appendix  A,  the  higher  frequency  components  are  not  "well  behaved." 
The  higher  frequency  components  were  "smoothed"  by  changing  the  pertinent 
frequency  components  to  the  average  of  the  next  lower  and  higher  frequency 
components.  This  generated  the  "smoothed  transfer  function  (TF8in) . The  "best 
fit"  simulated  transfer  function  was  TFreg. . The  error  analysis,  therefore, 
was  done  with  TF,  TFsm,  and  TFreg.  compared  to  TFa  and  TFm.  This  frequency 
error  analysis  data  is  summarized  in  table  1. 


The  transfer  functions  were  then  used  to  generate  the  eye-level  blood 
pressure  response  to  various  +GZ  stress  inputs  (7  SACMs,  GOR,  ROR).  The 
maximum  absolute  blood  pressure  deviations  were  noted,  using  TF,  TFem,  and 
TFreg,  as  the  standard  transfer  functions.  Also  since  "black  out"  would  occur 
at  the  minimum  eye-level  blood  pressure,  the  maximum  absolute  blood  pressure 
deviation  occurring  at  the  point  of  minimum  blood  pressure  was  noted.  This 
data  is  shown  in  table  2.  These  are  the  worst  case  values. 
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Transfer 

Maximum  Blood 

Maximum  Deviation 

Functions 

Pressure  Deviation 

at  the  Point  of 

(absolute) 

Minimum  Blood  Pressure 

(absolute) 

TF  & TF 

sm 

4 . 10  mm.  Hg. 

2.03  mm.  Hg. 

TF  & TF 
in 

6.40  mm.  Hg. 

3,07  mm.  Hg. 

TF  & TF 

a 

12.67  mm.  Hg. 

3.11  mm.  Hg. 

TF  & TF 

reg 

4.38  mm.  Hg, 

4.38  mm.  Hg. 

TF  & TF 
sm 

4.10  mm.  Hg. 

2.03  mm.  Hg. 

TF  & TF 
sm  m 

7.10  mm.  Hg. 

7.04  mm.  Hg. 

TF  & TF 
sm  a 

4 . 60  mm.  Hg. 

4 . 15  ram.  Hg. 

TF  & TF 
sm  reg 

7.65  mm.  Hg. 

7.05  mm.  Hg. 

TF  & TF 

reg 

4 . 38  mm.  Hg. 

4.38  mm.  Hg. 

TF  (,  TF 

reg  sm 

7.65  mm.  Hg. 

7.05  ram.  Hg. 

TF  & TF 

reg  m 

2.90  mm.  Hg. 

1.85  mm.  Hg. 

TF  & TF  ' 

reg  a 

4.30  mm.  Hg. 

3.22  mm.  Hg. 

TABLE  2 


Response  error  analysis  using  all  +G  stress  profiles 
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DISCUSSION 


The  model  of  the  blood  pressure  regulation  system  was  derived  from 
average  (21  tests)  data  taken  from  3 subjects.  The  averaged  transfer  function 
(TF),  between  +GZ  stress  Input  profiles  and  eye-level  blood  pressure  outputs, 
was  "smoothed"  to  reduce  the  number  of  aberrant  terms.  The  frequency  and 
response  errors,  between  TF  and  TFsm  as  shown  In  tables  1 and  2,  was  assumed 
to  be  the  inherent  error  in  the  analysis  system.  Therefore  a "zero  error" 


model  should  meet 

the  following  criteria: 

a) 

.125 

o/ 

| TF  - TF  | df  <_  1462 

b) 

| BP1(W)  - BP1(TF)  | < 4.10  mm.  Hg. 

c) 

| BPmin  * BPmin  (TF^  1 1 2*03  nun-  Hg. 

where  i 

=»  1,  2,  3... 256  samples 

As  can  be  seen  from  table  1,  the  first  criterion  is  met  for  TFm  and 
TFreg, . The  frequency  error  value  of  TFa  is  2077,  however  31%  of  the  total 
error  is  generated  by  the  frequency  components  above  .10  Hz.  Since  only  3.6% 
of  the  power  of  the  worst  case  +GZ  stress  profile  is  above  .10  Hz,  the  fre- 
quency "fit"  of  TFa  should  be  acceptable  since: 


I TF  - TF  I df  = 1432 

'■  a ' 


it  can  be  seen  that  the  eye-level  blood  pressure  response 
generated  by  the  simulated  transfer  functions  does  not  meet  the  second  crite- 
rion. The  deviation  from  the  criterion  value  is  from  .28  to  8.57  mm.  Hg. 

Since  the  .28  mm.  Hg.  deviation  was  generated  with  TFreg  this  transfer 
function  most  accurately  predicts  eye-level  blood  pressure,  fiowever,  this 
error  occurred  at  a point  of  minimum  blood  pressure. 

The  minimum  blood  pressure,  being  of  special  interest,  is  singularly 
tested  by  criterion  "c."  The  simulated  transfer  functions  generated  a worst 
case  minimum  blood  pressure  deviation  from  the  criterion  of  from  1.04  to  2.35 
mm.  Hg.  This  deviation  is  considered  to  be  minimal  in  predicting  when  eye- 
level  blood  flow  will  cease. 

The  major  variability  occurred  at  the  higher  frequency  components  (.075  -► 
.125  Hz).  The  simulation  process  required  the  devision  of  two  frequency 
functions  which  generated  more  error  at  the  higher  frequencies  than  at  the 
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lower  because  very  small  values  of  Input  and  output  power  occur  at  these 
higher  frequencies  and  round-off  error  become  significant.  It  has  also  been 
shown  that  the  best  frequency  fit  to  TF  occurs  when  a TF  has  a negative  time 
delay.  Therefore  there  is  a rise  in  blood  pressure  before  the  onset  of  +G2. 
This  indicates  that  the  subjects,  while  relaxed,  exhibited  a cardiovascular 
change  in  anticipation  of  the  stress. 

Clearly  the  simulated  transfer  function  of  the  blood  pressure  regulation 
system  yields  adequate  information  to  predict  eye-level  blood  pressure  of 
relaxed  human  subjects  as  a function  of  +G2  stress  Inputs.  When  this  model  is 
extended  to  include  subject  straining  maneuvers  and  anti-G  suit,  it  can,  in 
conjunction  with  previously  determined  transfer  functions  of  arterial  oxygen 
saturation  [10]  and  yet  to  be  determined  transfer  functions  of  eye-level  blood 
flow,  be  of  general  interest  to  those  who  model  physiological  systems  and  of 
specific  interest  to  those  who  model  pilot  performance  in  aerial  combat. 


REFERENCES 


1.  Krutz,  R.  W. , S.  A.  Rositano,  R.  E.  Mancini,  1973.  "Physiological 

Assessment  of  the  Transcuntaneous  Doppler  Ultrasonic  Flowmeter 
during  +GZ  Acceleration."  Preprints,  Aerospace  Medical  Association, 
Annual  Scientific  Meeting,  p.77. 

2.  Koushanpour,  E. , J.  W.  Spickler,  1975.  "Effect  of  Mean  Pressure  Levels 

on  the  Dynamic  Response  Characteristics  of  the  Carotid  Sinus  Baro- 
ceptor Process  in  Dog."  IEEE  Transactions  on  Biomedical  Engineering, 
22:502-507. 

3.  Levison,  W.  H. , G.  0.  Barnett,  W.  D.  Jackson,  1966.  "Nonlinear  Analysis 

of  the  Baroceptor  Reflex  System."  Circulation  Research,  18:673-682. 

4.  Spickler,  J.  W. , P.  Kedzi,  1967.  "Dynamic  Response  Characteristics  of 

Carotid  Sinus  Baroceptors."  American  Journal  of  Physiology, 
212:472-476. 

5.  Scher,  A.  M. , A.  C.  Young,  1963.  "Servoanalysis  of  Carotid  Sinus  Reflex 

Effects  on  Peripheral  Resistance."  Circulation  Research,  12:152-162. 

6.  Koushanpour,  E. , D.  M.  Kelov,  1972.  "Partition  of  the  Carotid  Baroceptor 

Response  in  Dogs  Between  the  Mechanical  Properties  of  the  Wall  and  the 
Receptor  Elements."  Circulation  Research,  31:831-845. 


Erickson,  H.  H. , H.  Sandler,  H.  L.  Stone,  1976.  "Cardiovascular  Function 
during  Sustained  +GZ  Stress."  Aviation,  Space,  and  Environmental 
Medicine,  47(7) : 750-758. 


8.  Green,  J.  F. , N.  C.  Miller,  1973.  "A  Model  Describing  the  Response  of 

the  Circulatory  System  to  Acceleration  Stress."  Annals  of  Biomedical 
Engineering,  1:455-467. 


9.  Miller,  N.  C. , J.  F.  Green,  1974.  "A  Model  Describing  Acceleration 
induced  Blackout."  Annals  of  Biomedical  Engineering,  2:58-68, 


10.  Gillingham,  K.  K. , R.  R.  Burton,  1975.  "Transfer  Functions  for  Arterial 
Oxygen  Saturation  during  +GZ  Stress."  Aviation,  Space,  and  Environ- 
mental Medicine,  46(11) : 1329-1335. 


[ 


f 


I 

! 

I 

T 

1 

■* 


ACKNOWLEDGEMENT 


The  author  is  grateful  to  the  Air  Force  Systems  Command  for  support  of 
this  summer  research.  Appreciation  is  due  Mr.  Fred  O'Brien  of  Auburn  Univer- 
sity and  the  ASEE  for  administration  of  the  project.  Their  work  created  an 
environment  suitable  for  concentrating  on  the  research. 

The  author  is  indebted  to  the  Biodynamics  Branch  of  the  Environmental 
Sciences  Division  at  the  USAF  School  of  Aerospace  Medicine  for  providing  a 
professionally  interesting  problem  and  an  environment  suitable  for  the  pursuit 
of  its  solution.  Because  of  this,  the  author  would  like  to  thank  Harry 
Hughes,  Ph.D.  and  Sidney  D.  Leverett,  Jr.,  Ph.D. 

It  has  been  a professional  and  personal  pleasure  to  work  with  Kent  K. 
Gillingham,  M.D. , Ph.D.  This  work  has  been  a combined  effort. 

The  author  would  also  like  to  thank  Mr.  R.  C.  McNee  for  his  help  in  the 
computerized  regression  analysis  and  R.  R.  Burton  for  his  help  with  the 
graphics. 


■ 


L 


. 

f 


1 

i 


J 


22-13 


APPENDIX  A 


The  frequency  characteristics  of  the  various  transfer  functions 
used  are  given  in  rectangular  and  polar  coordinates.  The  frequency 
coordinates  are  given  in  the  left  column.  The  frequency  value  is  equal 
to  the  column  number  multiplied  by  .005  HZ. 

The  "SF"  code  is  translated  below 
SF  ABC 
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A Magnitude  scale  factor  (10  ) 

B 4 ■ Rectangular  coordinates 

5 ■ Polar  coordinates 
0 * Time  coordinates 

C Sampling  period  code  (22  » 200  seconds) 
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Transfer 

Functions 


TF  & TF 


TF  & TF 


TF  & TF 


TF  & TF 


Maximum  Blood 
Pressure  Deviation 
(absolute) 


4.10  mm.  Hg. 
6.40  mm.  Hg. 
12.67  mm.  Hg. 
4.38  mm.  Hg. 


Maximum  Deviation 
at  the  Point  of 
Minimum  Blood  Pressure 
absolute 


2.03  mm.  Hg. 
3.07  mm.  Hg. 
3.11  am.  Hg. 
4.38  mm.  Hg. 


TF  & TF 
sm 

4. 10  mm.  Hg. 

2.03  mm.  Hg. 

TF  & TF 
sm  m 

7. 10  mm.  Hg. 

7.04  mm.  Hg. 

TF  & TF 
sm  a 

4.60  mm.  Hg. 

4. 15  mm.  Hg. 

TF  & TF 
sm  reg 

7.65  mm.  Hg. 

7.05  mm.  Hg. 

TF  & TF 

reg 

4. 38  mm.  Hg. 

4.38  mm.  Hg. 

TF  & W 

reg  sm 

7.65  mm.  Hg. 

7.05  mm.  Hg. 

TF  & TF 

reg  m 

2.90  mm.  Hg. 

1.85  mm.  Hg. 

TF  & TF 

reg  a 

4.30  mm.  Hg. 

3.22  mm.  Hg. 
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EFFECT  OF  RADIOFREQUENCY  RADIATION  (RFR)  ON  PERFORMANCE 
AND  RETENTION  OF  A DELAYED  RESPONSE  TASK 
Carole  D.  Hansult 
ABSTRACT 

Through  the  years  since  the  development  of  radar  and  other  radiofrequency 
emiting  equipment  research  has  been  carried  out  on  the  biologic  effects  of  RFR. 

Most  of  the  concern  has  been  for  the  damaging  side  effects  of  increased  body 
temperature  after  high  intensity  exposure.  Little  attention  has  been  paid  to 
behavioral  effects  or  low  intensity  exposure. 

This  study  investigated  the  effects  of  both  thermogenic  and  nonthermogenic 
RFR  upon  the  performance  of  rats  learning  a delayed  response  task.  Subjects 
were  taught  to  shuttle  from  one  chamber  to  another  while  the  wall  between  was 
illuninated.  If  they  failed  to  change  chambers  or  if  they  crossed  when  the 

wall  was  not  illuminated  they  were  punished  with  a noxious  noise  (100  db  at. 

8,000  cps  Hz).  Once  the  subjects  had  reached  criterion  (10  correct  trials 
out  of  12  consecutive  trials),  they  were  tested  in  the  apparatus  in  the  RFR 

P 2 

aneochoic  chamber  at  either  5mW/cm  (nonthermogenic  intensity),  20mW/cm  or 
without  radiation.  Each  subject  had  a yoked  control  which  was  used  to  estimate 
simple  activity  levels. 

Results  indicate  that  both  thermogenic  and  nonthermogenic  radiation  levels 
are  capable  of  interrupting  performance  to  a significant  degree.  When  tested 
for  two  days  after  exposure,  the  low  radiation  level  subjects  regained  performance 
levels  by  the  1st  day  while  the  high  radiation  level  animals  needed  an  extra  day. 
Activity  levels  were  not  affected  by  any  of  the  treatments. 

The  data  suggest  that  even  non-thermogenic  radiation  levels  can  be  detrimental 
to  the  performance  of  a learned  task  at  least  in  the  early  stages  of  acquisition  and 
further  suggest  that  some  care  should  be  taken  when  training  personnel  on  RFR-emiting 
equipment  especially  if  the  task  requires  a high  degree  of  perceptual  vigilance. 
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1.  INTRODUCTION:  The  ancient  Greeks  were  the  first  to  describe  the 


electromagnetic  properties  of  amber  and  since  then  scientists  have  been 
drawn  to  investigation  of  the  effects  and  uses  of  nonionizing  radiation. 
Early  inquiries  concerned  the  physical  aspects  and  practical  application 
of  radiation  with  very  little  work  being  investigated  in  the  possible 
biologic  effects  of  exposure.  When  radar  and  the  other  radiofrequency 
equipment  were  developed  in  World  War  II,  however,  the  research  emphasis 
was  reversed  (10).  This  is  understandable  since  thousands  of  personnel 
were  being  trained  to  use  these  machines  at  close  quarters  although  very 
little  was  known  about  side  effects  or  safety  limits.  The  development  of 
nuclear  power,  however,  overshadowed  electromagnetic  research.  Ionizing 
radiation  had  spectacular  effects  both  physically  and  biologically  and 
concern  deepened  as  to  its  safety  in  even  minuscule  doses.  Basic  researoh 
proliferated  in  these  areas  while  interest  in  the  physiological  effects 
of  nonionizing  radiation  waned. 

By  the  early  1960's  the  bulk  of  the  radiofrequency  research  data 
had  increased,  but  was  almost  exclusively  from  high  intensity  exposure 
experiments.  Although  practically  no  information  was  available  for  low 
dosage  level  effects,  most  investigators  nevertheless  agreed  that  the  only 
risk  factor  in  exposure  to  radiofrequency  waves  was  thermal  insult  (10,  17). 
Recently,  however,  interest  in  low  dosage  levels  has  intensified  due  to 
the  development  of  new  medical,  industrial  and  domestic  equipment  such  as 
the  microwave  oven  which  emit  nonionizing  radiation  waves.  Concern  for 
the  safety  of  the  public,  the  worker,  the  patient  and  the  environment  is 
high. 
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There  are  two  ways  of  studying  the  reactions  of  organisms  to  radio- 
frequency exposure.  The  first,  as  mentioned  above,  is  to  concentrate 
upon  the  biologic  response  of  the  organism.  Considerable  work  has  been 
done  in  this  respect  especially  at  higher  levels  of  intensity  (17,  18). 

The  second  approach  is  to  observe  the  behavioral  reaction  of  a subject  to 
RFR.  Very  little  effort  has  been  concerned  with  this  aspect.  Thomas, 

Edward,  Finch,  Fulk  and  Burch  In:  (18)  exposed  rats  to  pulsed  waves  of 

2 

X and  S band  radiation  at  5,  10,  15,  and  20  MW/cm  . There  was  a decrement 
in  performance  in  both  delayed  response  and  fixed  schedule  response  rates 
after  exposure  at  all  doses.  Hunt,  King,  and  Phillips  In:  (18)  measured 
the  effects  of  constant  wave  exposure  on  exploratory  activity,  swimming 

performance  and  vigilance  discrimination  in  rats  and  found  that  doses  of 

2 . . . 

6.3  mW/cm  depressed  exploration  and  vigilance  but  did  not  affect  swimming. 

2 

Dose  levels  of  11  mW/cm  , however,  interfered  with  both  swimming  and 

vigilance.  Working  with  monkeys,  Galloway  (18)  irradiated  his  subjects 

2 

with  5,  10,  15,  20  and  25  mW/cm  . He  found  that  there  were  no  effects  on 

either  visual  discrimination  performance  or  repeated  acquisition  at  inten- 

2 2 
sities  below  15  mW/cm  but  measurable  decrements  at  20  and  25  mW/cm  . In 

some  of  the  above  experiments,  body  temperatures  were  rfaised  and  in  some 

they  remained  normal,  but  it  is  clear  that  even  at  fairly  low  levels  of 

stimulation,  it  is  not  difficult  to  demonstrate  behavioral  changes  in  both 

rats  and  primates. 

One  consideration  which  must  be  kept  in  mind  while  discussing  the 
physiological  or  behavioral  effects  of  RFR  at  higher  intensities  is  its 
thermogenic  capacity.  The  biologic  effects  of  an  increased  core  temperature 


1 
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produced  via  exogeneous  heating  ape  well  known  (14,  19).  In  addition,  the 
effects  of  externally  produced  heat  stress  on  performance  in  humans  has 
received  some  attention  (1,  2,  3,  *,  5,  6).  However,  RFR  is  a unique 
thermogenic  source  and  its  effects  upon  performance  or  acquisition  of  a 
learned  task  are  not  well  researched. 

The  present  study  seeks  to  begin  an  investigation  which  may  help  to 
elucidate  the  subtle  effects  of  RFR  exposure  at  thermogenic  and  nonthermogenic 
levels  on  a living  system.  Because  of  the  brief  time  available  for  this 
study,  only  a limited  inquiry  may  be  made.  The  main  question  will  address 
the  effects  of  RFR  on  performance  levels  and/or  learning.  This  has  not 
been  asked  in  either  humans  or  rats  for  a delayed  response  avoidance  task. 

It  is  an  interesting  question  especially  since  many  skilled  moves  require 
that  the  subject  refrain  from  instantaneous  reaction  until  a second  factor 
is  accounted  for.  Such  delayed  response  learning  is  a necessary  part  of 
training  in  the  operation,  testing  and  maintenance  of  aircraft.  It  can 
mean  the  difference  between  successful  mission  performance  and  expensive 
(in  terms  of  manpower  and  machines)  delays.  If  an  RFR  exposure  affects 
either  the  performance  of  a task  or  its  actual  neural  storage,  new  pre- 
cautions will  have  to  be  devised  to  monitor  and  counteract  such  changes  in 
key  personnel. 

2.  OBJECTIVE:  The  purpose  of  this  study  is  to  evaluate  the  possible 

detrimental  effects  of  radiofrequency  radiation  on  the  performance  and/or 
retention  of  a simple  delayed  response  learning  task.  Rats  will  be  trained 
to  endure  a noxious  but  not  physiologically  harmful  noise  until  a "go" 
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signal  is  presented.  At  the  signal,  the  subject  enters  a time  period  during 
which  he  may  terminate  the  sound  by  moving  to  a sound  chamber.  If  he  does 
not,  another  trial  will  begin.  If  he  moves  during  the  signal  off  period, 
an  even  louder  noise  occurs  from  which  he  cannot  escape. 

When  the  task  is  learned,  the  subjects  will  be  placed  in  the  apparatus 
in  graded  RFR  fields  to  produce  either  moderate  or  mild  (i.e.,  not  causing 
a rise  in  body  temperature)  thermal  insults.  Subsequently,  subjects  will 
be  tested  under  normal  circumstances  in  order  to  see  whether  retention  as 
well  as  performance  may  have  been  affected.  The  resulting  information  is 
of  interest  since  it  could  illuminate  a possible  decrement  in  job  (task) 
performance  and/or  retention  during  and  subsequent  to  exposure  to  RFR  fields 
for  modest  increases  in  body  temperature  which  are  not  accompanied  by  the 
overt  behavioral  sings  of  thermal  stroke  or  heat  syncope. 

3.  BODY  OF  REPORT: 

Subjects.  Subjects  were  30  male  Sprague  Dawley  rats  over  90  days 
of  age.  They  were  housed  in  group  cages,  3 or  4 to  a cage  and  fed  and  watered 
ad  lib.  All  animals  were  subjected  to  histological  analysis  after  training 
was  completed  in  order  to  identify  any  with  otitis  media. 

Experimental  Method.  Testing  was  carried  out  in  a special 
Plexiglass  2 room  avoidance  apparatus.  An  opening  for  passage  allowed 
movement  between  the  two  chambers  while  an  opaque  sliding  door  kept  the 
animal  confined  once  it  made  its  choice.  The  floor  was  curved  to  form  a 
trough  running  the  length  of  the  apparatus  (24  inches)  in  order  to  keep  the 
subject  oriented  lengthwise  to  the  RF  waves  thus  maintaining  equal  exposure 
throughout  testing. 
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The  dividing  wall  between  chambers  was  opaque  with  a single  light 
covered  by  a plastic  guard  above  the  passageway  on  either  side  so  that 
both  rooms  were  used  for  the  start  of  a new  trial. 

Subjects  were  trained  on  the  following  schedule.  The  trial  began 
when  a loud  but  not  physiologically  harmful  white  noise  stimulation  was 
presented  for  a total  of  60  seconds.  The  intensity  of  the  noise  was  50  db 
at  8,000  Hz  which  is  below  that  necessary  to  elicity  the  Pryer  reflex  in 
normal  rats  (13).  Narrow  band  frequency  noise  was  chosen  because  it  is 
less  damaging  to  the  ear  than  pure  tones  and  because  the  rat  appears  to 
be  relatively  unresponsive  to  pure  tones  (especially  those  below  10,000 
Hz)  due  to  a neuroanatomical  peculiarity  of  the  auditory  system  (16). 

When  the  sound  had  been  on  for  40  seconds,  the  light  above  the  door 
was  illuminated  and  remained  so  until  the  noise  stopped,  a total  of  20 
seconds.  At  that  point,  if  the  animal  had  not  moved  to  the  second  chamber, 
the  door  between  chambers  closed  and  a noxious  narrow  band  noise  stimula- 
tion (100  db  at  8,000  Hz)  was  presented  for  15  seconds.  This  level  of 
sound  was  chosen  because  it  elicits  the  Pryer  reflex  (11,  13)  without 
exceeding  the  threshold  for  audiogenic  seizures  (9). 

If  the  subject  moved  to  the  second  room  while  the  mild  stimulation 
was  on  but  before  the  signal  light  above  the  door  illuminated,  the  door 
closed  and  the  noxious  sound  was  presented.  If  the  subject  moved  through 
the  door  while  the  signal  light  was  on,  the  mild  sound  terminated,  the 
door  closed  and  the  subject  received  30  seconds  of  time  out  (silence). 

A new  trial  began  with  the  onset  of  the  mild  sound  and  simultaneous 
opening  of  the  door  between  chambers.  If  the  subject  failed  to  move  to 
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the  second  room  before  the  light  went  out,  the  door  shut  and  the  noxious 
sound  was  presented  immediately.  On  trials  during  which  the  subject  was 
punished  with  the  loud  sound,  an  inter-trial  interval  of  5 seconds  was 
observed  during  which  no  noise  was  presented.  Such  a quiet  period  was 
introduced  in  order  to  avoid  auditory  habituation  or  change  of  threshold  (11). 

Training  was  carried  out  in  one-hour  sessions  with  each  subject  in  the 
apparatus  for  two  sessions  per  day.  Water  and  food  deprivation,  therefore, 
were  limited  to  these  periods.  When  subjects  reached  criterion  (10  trials 
out  of  12  correct  delayed  response),  they  were  submitted  to  RF  treatment 
within  24  hours.  Training  sessions  were  from  8-9,  9-10,  10-11  a.m.  and  1-2, 
2-3,  3-4  p.m.  each  day.  No  subject  was  tested  at  the  same  time  every  d^y 
but  served  randomly  at  2 blocks  at  either  8-9  and  1-2  or  9-10  and  2-3  or 
at  10-11  and  3-4. 

Treatment  in  the  RF  chamber  will  last  for  1 hour  per  subject.  Prior  to 
the  use  of  experimental  subjects  in  the  RF  chamber,  two  dose  levels  were 
tested  on  animals  of  similar  strain,  weight  and  age.  Previous  tests  at 
this  lab  on  restrained  rats  demonstrated  that  an  exposure  of  1.6  GHz  at 

2 o 

20  mW/cm  was  sufficient  to  raise  body  temperature  2^2  C and  that  an 

2 

exposure  of  5 mW/cm  was  well  within  the  animals'  thermoregulatory  capability. 

In  this  experiment  the  average  value  for  high  dose  subjects  was  21.0  + 0.8 

2 2 
mW/cm  and  for  the  low  dose  4.85  + .17  mW/cm  . 

There  were  three  RF  treatment  groups.  The  first  received  the  high 
dose  which  was  sufficient  to  raise  core  temperature  2°C  above  normal. 

The  second  group  received  the  low  dose  which  did  not  significantly  elevate 
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core  temperature.  The  final  group  was  run  in  the  anechoic  chamber  but 
received  no  RF  stimulation.  This  is  the  control  group.  On  the  day  following 
treatment  all  three  groups  were  run  again  on  the  original  training  schedule. 
Those  subjects  with  error  scores  well  exceeding  those  of  the  pre  test  d^ys 
were  run  again  daily  until  these  scores  were  reduced  to  the  expected  level. 

This  schedule  allowed  for  estimation  of  the  effects  of  moderate  RFR 
exposures  (Group  I)  on  performance  of  the  delayed  response  task.*  To  assess 
the  possible  effects  of  moderate  RFR  on  performance  data  from  low  RFR  rats 
(Group  II)  were  used  for  comparison.  Finally,  the  third  group  served  as  a 
control  for  RF  exposure. 

Because  activity  levels  as  well  as  performance  levels  may  be  affected 
by  RF  fields  yoked  controls  were  employed  and  exposed  to  an  apparatus  almost 
identical  to  that  of  the  experimental  animals.  These  subjects  were  presented 
with  the  same  stimuli  as  experimental  subjects  except  that  their  own  behavior 
did  not  control  the  input.  Whatever  the  experimental  subject  did  determined 
the  sequela  in  the  yoked  cage.  The  only  difference  between  training  apparatus 


♦While  Kangaroo  rats  can  survive  rectal  temperatures  of  40.5°  - 41°C  (8) 
and  the  antelope  ground  squirrel  — 44.4°C,  the  laboratory  rat  can  survive 
core  temperatures  of  40°C  but  dies  at  43°C.  Since  normal  rectal  temperature 
is  37°C  (12),  this  study  will  raise  body  temperature  to  39°C  which  falls 
comfortably  below  lethal  levels. 
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had  no  door.  This  was  done  in  order  to  prevent  excitement  in  any  animal 
which  happened  to  be  passing  through  just  as  the  door  shut. 

No  surgical  or  drug  treatment  were  used  in  this  study  but  all  incoming 
animals  were  visually  checked  for  eardrum  perforation  due  to  otitis  media  and 
in  addition,  after  completion  of  the  study  all  subjects  were  submitted  to  a 
histological  examination  of  the 'middle  ear  as  a further  control;  but  no 
animals  demonstrated  presence  of  infection. 

4.  RESULTS : Analyses  of  variance  were  carried  out  on  the  data  for 

both  activity  and  performance.  Percent  correct  served  as  the  basis  for  the 
analysis  of  performance  among  the  trained  subjects  and  average  number  of 
crossings  among  the  yoked  controls  served  as  the  basis  for  activity  analysis. 

Results  of  the  performance  ANOVAs  indicate  no  significant  differences 
between  groups  during  the  pre  test  day  trial  (p>  .05).  However  there  is  a 
significant  difference  between  groups  during  the  test  day  trial  (p<,.0002). 
The  data  from  the  post-test  period  require  clarification.  Animals  were 
tested  one  day  post-test  for  comparison  against  pre-test  performance  as 
well  as  performance  post-test.  Although  all  control  and  low  dose  animals 
demonstrated  no  significant  differences  between  groups,  three  of  the  five 
high  dose  subjects  failed  to  perform  at  comparable  levels.  On  day  two 
post-test,  however,  these  animals  perform  at  the  levels  of  other  groups. 

If  the  data  from  day  two  post-test  are  included  in  the  ANOVA  on  post-test 
performance  there  are  no  significant  differences  (p*.09).  However  if 
the  data  are  analyzed  using  the  first  post-test  day  scores  only,  there  is 
a significant  (p<.01)  difference  among  the  three  groups. 
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Subsequent  to  the  analyses  of  variance  a series  of  multiple  t-tests 
were  carried  out  on  the  performance  data.  As  basis  percent  correct,  percent 
incorrect  (the  subject  ran  when  he  should  not  have)  and  number  of  omissions 
(the  subject  failed  to  run  at  all)  were  used.  Results  using  percent  correct 
indicate  that  the  differences  demonstrated  on  test  day  lay  between  the  high 
dose  and  the  control  (p<.05)  and  between  the  low  dose  and  the  control  group 
(p  < .05)  but  not  between  the  high  and  low  dose  groups.  Interestingly 
enough,  differences  become  significant  between  the  high  group  and  the  control 
group  between  15  and  30  minutes  into  the  test  period  but  not  between  the  low 
and  control  group  until  30  to  45  minutes.  Post-test  (day  one)  analysis 
reveals  significant  (p<.05)  differences  between  the  high  dose  group  and  both 
low  dose  and  control  animals. 

The  analyses  based  upon  incorrect  responses  showed  no  significant  dif- 
ferences on  the  day  before  testing.  On  test  day,  however,  a significant 
difference  (p<  .05)  was  demonstrated  between  the  high  dose  and  control 
groups  beginning  within  the  first  15-minute  period.  There  were  no  post-test 
differences. 

The  final  analyses  based  on  omissions  showed  no  pre-test  differences, 
but  revealed  significant  differences  between  both  high  dose  and  control 
groups  and  low  dose  and  controls.  No  differences  were  found  between  experi- 
mental groups  or  for  the  post-test  days. 

No  differences  were  found  in  activity  level  analyses. 

5.  DISCUSSION:  The  results  demonstrate,  not  surprisingly,  that 

o 

thermal  stress  induced  by  RFR  sufficient  to  raise  body  temperature  2 C 
interferes  to  a significant  degree  with  performance  of  an  active  avoidance 
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task.  That  thermal  insult  should  depress  learned  performance  in  such  a 


manner  has  been  shown  before  (Galloway,  1947;  Thomas,  Finch,  Fulk  S Burch 


1974).  The  more  interesting  aspect  of  the  results  involves  an  indication 
that  non-thermogenic  RFR  is  capable  of  depressing  performance  levels  as 


well.  The  statistical  comparisons  clearly  demonstrate  that  this  suppression 


in  performance  occurs  only  during,  strongly  suggesting  that  in  some  way  RFR 
exposure  can  interrupt  learned  behavior  even  at  low  power  levels  (at  least 
during  the  early  stages  of  acquisition  and  at  least  in  an  active  avoidance 


task) 


Caution  must  be  taken  not  to  ignore  the  possibility  that  cues  from  the 


environment  in  the  anechoic  chamber  plus  the  radiation  itself  might  have 


influenced  performance  of  experimental  subjects  in  a way  that  the  chamber 


alone  without  radiation  did  not  influence  the  control  animals.  This  can 


only  be  clarified  fully  in  further  studies,  but  the  lack  of  effect  of  RFR  on 
yoked  controls'  activity  (if  not  performance)  lends  support  to  the  original 


interpretation  that  RFR  per  se  rather  than  a change  in  environmental  cues 


depresses  performance 


Therefore,  whether  the  effect  of  radiation  is  direct  (upon  the  neural 


process  of  retention,  consolidation  or  recall)  or  indirect  (interrupting 


the  external  or  internal  environment  in  a state-dependent  learning  situation) 
is  crucial  to  the  theoretical  and  biological  aspects  of  the  study  but  not 


to  the  practical  outcome.  The  details  can  only  be  discovered  in  subsequent 


research 


It  is,  however,  important  not  to  underestimate  the  impact  that  these 


preliminary  data  have  as  an  indication  that  there  may  be  a period  during 
early  acquisition  before  a task  has  been  learned  completely  wherein 


performance  can  be  significantly  disrupted.  The  implications  are  clear. 

If  further  study  supports  this  contention,  perhaps  personnel  being  trained 
to  operate  equipment  which  emits  even  non-thermogenic  RFR  should  not  be 
trained  on  the  active  equipment  but  on  duplicates.  When  individual  technical 
skills  have  reached  criterion,  personnel  could  then  be  transferred  to  their 
duty  stations.  Such  a procedure  might  serve  to  increase  effectiveness  in  an 
emergency  situation  involving  inexperienced  technicians.  Had  these  persons 
been  trained  beyond  the  possible  critical  period  for  RFR  interference  before 
exposure  to  stress  on  the  job  perhaps  performance  could  be  expected  to  be 
better.  Even  a small  improvement  in  the  skill  level  which  could  be  expected 
during  crises  might  prove  decisive  as  to  final  decision  in  training  techniques. 
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TIME- RESOLVED  FLUORESCENCE  OF  BRCMINE  MONOCHLORIDE 


by 

John  J.  Wright 
ABSTRACT 

Bromine  monochloride  is  a potential  candidate  for  a chemically 
pumped  electronic  transition  laser.  Two  important  parameters  are  the 
decay  rate  and  quenching  rates  for  various  gases  which  may  be  present  in 
the  system.  If  the  decay  rate  is  greater  than  the  chemical  reaction 
rate,  an  inversion  is  unlikely,  but  if  the  decay  rate  is  too  small  the 
system  will  lack  sufficient  gain. 

This  study  was  undertaken  to  determine  the  decay  rate  for  the  a3IIo+ 
state  of  BrCl  and  quenching  rates  for  BrCl,  C^,  B^,  Me,  and  air.  BrCl 
was  produced  by  the  equilibrium  reaction  B^  + + 2BrCl.  The  3nQ 

state  was  populated  by  an  intense  (100  KW)  pulse  from  a tunable  dye 
laser  and  the  population  as  a function  of  time  monitored  by  observing 
the  fluorescence  decay.  Quenching  rates  were  determined  from  plots  of 
the  decay  rate  as  a function  of  gas  pressure. 

The  decay  rate  for  combined  v*  = o and  v'  = 1 levels  of  the  a3nQ+ 
state  of  BrCl  is  5.4  ± 1 x 104  sec"1  which  corresponds  to  a lifetime  of 
18.5  + 3 usee.  The  quenching  cross  sections  for  RrCl,  C^,  He,  and  air 
are  1 x 10"17  cm2,  1 x 10"18,  3 x 10"19  cm2,  and  8 x 10'18  cm2, 


respectively. 


I 

INTRODUCTION: 

Bromine  monochloride,  BrCl,  is  a potential  candidate  for  an  elec- 
tronic transition  chemically  pumped  laser.  The  excited  a3IIo+  state 
potential  well  is  displaced  from  the  X1!  ground  state,1  as  shown  in 

o 

Figure  1,  so  that  a large  population  inversion  is  potentially  possible, 
and  BrCl  can  be  chemically  produced  in  the  excited  state1  by  the  reac- 
tion CIO2  + Br  -*■  BrCl  + C^.  Lastly,  because  of  the  spin  forbidden 
nature  of  the  3II  -*■  'Z  transition,  the  decay  rate  of  the  3nQ  state  should 
be  less  than  the  reaction  rate,  a necessary  condition  if  an  inversion  is 
to  be  achieved  in  a chemical  reaction.  However,  attempts  to  make  a BrCl 
laser  have  so  far  been  unsuccessful. 2 


One  possible  explanation  for  the  failure  of  BrCl  to  lase  would  be 

too  large  a decay  rate  due  either  to  a short  lifetime,  predissociation, 

or  quenching.  On  the  other  hand,  too  small  a radiative  decay  rate  would 

prevent  the  system  from  having  sufficient  gain  to  lase  since  the  gain  is 

proportional  to  the  radiative  decay  rate.  This  experiment  was  under- 

taken  to  determine  the  decay  rate  of  the  3JI  state  and  quenching  rates 

0 

for  various  foreign  gases. 

A brief  note  about  the  notation  is  in  order.  The  3IT  + state  of 

0 

BrCl  has  been  labeled  the  A,  B,  and  a states  by  various  authors 1 ’ 3 ’ 4 


1 

I 
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and  so  some  confusion  is  apt  to  arise.  We  will  use  the  designation 


The  experimental  technique  is  conceptually  simple:  a sample  cell 

containing  BrCl  is  illuminated  with  a short  pulse  of  laser  light  tuned 
to  one  of  the  absorption  bands  and  the  fluorescence  from  the  excited 
state  is  monitored  as  a function  of  time  to  determine  the  effective 
lifetime,  or  decay  rate.  In  order  to  study  the  system  under  controlled 
steady  state  conditions,  BrCl  was  produced  by  the  equilibrium  reaction5 
Br2  + Cl2  j 2BrCl  rather  than  the  exothermic  reaction  involving  C102. 
Both  Br2  and  Cl2  have  absorption  bands  in  the  wavelength  range  of  BrCl 
and  both  have  similar  3n  -*-*•  transitions.6’7  Since  Br,  and  Cl,  would 
both  be  present  along  with  BrCl,  it  is  necessary  to  understand  the  time- 
resolved  fluorescence  of  both  Br2  and  Cl2  before  attacking  the  problem 
of  BrCl.  The  decay  rate  for  the  3nQ  state  of  Br2  in  the  gas  phase  has 
been  previously  measured8’9  and  found  to  be  ^ 10^/sec.  The  corres- 
ponding decay  rate  for  Cl2  has  not  been  measured  so  our  first  task  was 
to  try  to  optically  pump  the  3Ho  state  of  Cl2.  We  were  not  successful 
at  this  attempt  and  could  not  observe  Cl2  fluorescence.  This  is  not 
surprising  since  the  transition  is  more  highly  forbidden  than  in  the 
heavier  molecule  Br,  and  the  Franck-Condon  factors  are  extremely  small 
because  of  the  large  shift  between  the  potential  wells.10  Failure  to 
observe  Cl2  fluorescence  put  us  in  good  shape  to  look  for  BrCl  fluores- 
cence since  we  could  now  time  resolve  it  fran  Cl2  and  Br2. 


Figure  1 

Potential  Curve  for  BrCl 
(From  Reference  1) 


Figure  2 

Block  Diagram  of 
the  Hxperimental 
Setup 
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APPARATUS  AND  SAMPLE  PREPARATION: 


Figure  2 is  a schematic  diagram  of  the  experimental  arrangement. 

A Phase-R  Model  1100  coaxial  flashl amp -pumped  tunable  dye  laser  with  a 
pulse  width  of  ^ .5  usee  was  used  to  ontically  pump  the  molecules  to  the 
3nQ  state.  The  laser  is  rated  at  250mj  per  pulse  and  was  typically 
operated  at  an  estimated  energy  of  50mj  per  pulse,  which  translates  into 
about  100  KW/pulse.  It  was  decided  not  to  tune  the  laser  with  a grating 
because  of  the  danger  of  destroying  the  aluminum  substrate  at  such  high 
power  levels  (the  intracavity  power  could  be  a megawatt).  The  laser  was 
tuned  by  means  of  a double  prism  arrangement  which  resulted  in  a line 

O 

width  of  5-10A.  The  prisms  were  arranged  so  that  the  beam  was  incident 
on  the  surfaces  at  Brewster's  angle  to  mimimize  losses  due  to  scat- 
tering. This  resulted  in  a polarized  laser  beam.  The  beam  was  then 
spatially  filtered  by  a stop  and  focused  into  the  sample  cell.  After 
passing  through  the  cell,  the  beam  was  scattered  into  a 1/2  meter 
Jarrell-Ash  spectrophotaneter  in  order  to  monitor  the  wavelength  of  the 
laser  radiation.  The  sample  cell  was  a 5 cm  diameter  Pyrex  cylinder  60 
cm  long  with  Brewster  angle  windows  on  the  laser  entrance  and  exit 
ports.  The  fluorescence  was  monitored  through  a 5 cm  diameter  window 
perpendicular  to  the  laser  beam  by  an  INI  96840B  photomultiplier  tube. 
Pour  long  pass  filters  were  used  to  permit  observing  the  fluorescence 


I 

I 

Ie  o 

from  7000A  to  10,000A  while  attenuating  any  scattered  laser  radiation 

O 

below  7000A.  Each  filter  passed  901  of  the  fluorescence  and  attenuated 

the  laser  by  105.  Therefore,  only  about  50%  of  the  fluorescence  was 

20 

lost  while  attenuating  the  scattered  light  by  10  . The  transmission 

properties  of  the  filters  were  verified  by  running  a transmission  spec- 
trum on  a Cary- 14  recording  spectrophotometer. 

A « 

The  output  of  the  photomultiplier  tube  was  put  directly  into  a 
Tektronix  7603  oscilloscope  with  a 1 kft  load  resistor.  Hie  response 
time  of  the  detection  system  was  less  than  100  nsec  as  determined  by 
observing  the  response  to  scattered  laser  light.  The  signals  were 
permanently  recorded  photographically,  as  shown  in  Figure  3,  with  an 
electronically  triggered  polaroid  camera  mounted  on  the  oscilloscope. 

The  fluorescence  decay  rate  was  determined  from  the  photographs  by 
plotting  the  signal  amplitude  as  a function  of  time  on  semi-log  paper  as 
shown  in  Figure  3.  The  plots  were  all  linear,  verifying  that  the  decay 
was  exponential  in  time. 

The  bromine  monochloride  was  produced  by  mixing  Rr2  and  Cl2  gases 
according  to  the  reaction 

Bt2  + Cl2  ^ 2BrCl 

c 

0 

C 
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with  an  equilibrium  constant11  K«*8.  Using  the  definition, 


K 


» 


the  equilibrium  concentrations  of  Br2,  Cl2,  and  BrCl  could  be  deter- 
mined. Table  I lists  the  equilibrium  percentages  of  Br2,  Cl2,  and  BrCl 
for  several  initial  ratios  of  Br2  to  Cl2.  Since  the  value  for  the 
equilibrium  constant  found  in  the  literature  varies  from  6.5  to  8 at 
298°K,  the  table  shows  the  percentages  for  both.  The  difference  is  not 
significant,  so  the  most  recent  value,  K=8,  was  chosen  throughout  the 
experiment.  The  chlorine  was  research  grade,  99.96%  pure,  used  without 
further  purification  and  the  bromine  was  99.96%  pure  and  was  doubly 
distilled  on  the  vacuum  system.  Most  gas  mixtures  were  allowed  to 
equilibriate  over  night. 
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Final  Percentage  of  Total  Gas  Pressure  for  B^,  Cl 2, 

and  BrCl  for 
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Figure  3 

Experimentally  Observed  Decay 
Curve  with  the  Corresponding 
Semi- log  Plot 
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Figure  4 

Mass  Spectrograph 
of  a Sample  Cell 
Showing  the 
Presence  of  BrCl 
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EXPERIMENT: 


? 


Because  BrCl  only  exists  in  equilibrium  with  Cl2  and  Br2,  the 

experiment  is  inherently  more  complicated  and  "messier"  than  one 

involving  a single  species  such  as  Br2  or  Cl2>  In  other  words,  there 

always  has  to  be  an  excess  of  either  Cl2  or  Br2  and  both  are  always 

present  to  some  extent,  as  shown  in  Table  I.  As  an  initial  check  to 

determine  if  we  were  actually  producing  BrCl,  we  ran  a mass  spectrograph 

on  a sample  mixture.  The  spectrograph  proved  the  existence  of  BrCl  in 

our  sample  cell,  as  shown  in  Figure  4.  There  are  three  BrCl  peaks 

79  81 

because  there  are  two  isotopes  of  bromine,  Br  and  Br,  and  two  iso- 
35  37 

topes  of  chlorine,  Cl  and  Cl.  This  gives  four  different  isotopes  of 
BrCl;  79Br35Cl,  79Br37Cl,  81Br35Cl,  and  81Br37Cl  with  mass  lumbers  of 
114,  116,  116,  and  118,  respectively,  or  three  different  masses.  The 
levels  shown  for  contaminants  such  as  N2  and  H20  are  only  slightly  above 
the  background  of  the  mass  spectrometer,  i.e. , they  are  from  the  instru- 
ment not  the  sample. 

With  pure  Cl2  in  our  sample,  we  tuned  the  dye  laser  to  several 
known  absorption  bands7  and  observed  no  fluorescence.  Then,  with  pure 
Br2  in  the  sample,  we  observed  fluorescence  which  extended  over  the 

O 

entire  wavelength  range  of  Rhodamine  6 G dye  (5700-6100A)  and  had  a 
decay  rate  < 1 ysec.  In  fact,  the  fluorescence  was  almost  triangular  in 
shape  as  a function  of  time  with  a full  width  at  half  maximum  amplitude 
(FWHM)  of  1 ysec.  The  Br2  fluorescence  line  shape  was  almost  identical 
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to  the  exciting  laser  pulse  shape,  confirming  that  the  Br2  observe^ 
lifetime  is  £ 1 ysec.  When  Br2  was  added  to  Cl2,  or  vice  versa,  the 
signal  character  changed.  Hie  narrow  Br2  fluorescence  became  broadened 
in  time  with  a long  exponential  tail.  This  was  attributed  to  the 
presence  of  BrCl.  The  amplitude  of  the  long  expanental  signal  was  about 
20  times  smaller  than  the  short  Br2  signal  at  equal  pressure. 


There  were  three  possibilities:  BrCl  emission,  Cl2  emission  due  to 
exchange  collisions  with  excited  Br2,  or  Br2  emission  frcm  the  low  lying 
and  long-lived12  A3!^  state  due  to  collisional  mixing  of  the  excited 
B3JI0  state. 


We  attempted  to  measure  the  wavelengths  of  this  emission  in  order 
to  identify  it  as  due  to  BrCl,  the  BrCl  emission  spectrum  being  known. 1,4 
First,  we  scanned  a 1/4  meter  Jarrell-Ash  spectrophotaneter  but  observed 
nothing.  (Bear  in  mind,  the  time  resolved  fluorescence  observed  was 
with  a 5 cm  diameter  photomultiplier  tube  and  cut  off  filters  so  we  were 
looking  at  orders  of  magnitude  more  light  than  with  the  spectrophoto- 
meter.) Next,  we  tried  a prism  spectrograph  and  exposed  the  film  for 
300  seconds,  or  300  laser  shots.  (The  maximum  rep  rate  was  one  shot  per 
second.)  We  observed  nothing. 


The  dissociation  limits  of  BrCl,  Br2,  and  Cl2  are  5440A,  5108A, 

O 

and  4780A,  respectively.3'13  If  the  observed  emission  was  due  to 
optically  pumped  BrCl,  it  should  not  be  observed  for  excitation  wave- 

O 

lengths  less  than  5440A.  But,  if  the  fluorescence  were  due  to  optically 
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pumped  Br2  for  sane  reason,  it  would  still  be  observable  for  wavelengths 
between  the  dissociation  limits  of  Br2  and  BrCl.  Kodak  522  dye,  which 


O O 

lases  over  the  range  5000A-5400A,  was  used  for  this  investigation.  What 
was  observed  were  sharp  short  Br2  resonances  but  no  long-lived  tail. 
Therefore,  it  seemed  evident  the  long-lived  emission  was  due  to  opti- 
cally pumped  BrCl. 


Typically,  two  mixes  of  Br2  and  Cl2  were  prepared  late  in  the 
afternoon  and  allowed  to  equilibriate  overnight.  There  was  evidence, 
however,  that  this  procedure  was  not  necessary  and  that  two  hours  were 
sufficient  at  pressures  of  100-300  Torr  for  the  system  to  equilibriate. 
Data  was  then  taken,  in  the  form  of  photographs,  as  a function  of  total 
gas  pressure.  Figures  5,  6,  and  7 are  Stem-Volmer14  plots  of  the 
observed  decay  rate  as  a function  of  total  gas  pressure  for  various 

O 

ratios  of  Br2  to  Cl2.  The  excitation  wavelength,  5782A,  corresponds  to 
pumping  the  transition  X1E(v"*2)  -*  a2no(v'=8).  As  the  Br2  to  Cl2  ratio 
increases,  there  is  an  increasing  excess  of  Br2  and  apparently  more 
quencMng  since  the  slopes  of  the  curves  also  increase.  The  zero  pres- 
sure intercept  is  the  decay  rate  for  the  unperturbed  molecule.  The 
smaller  the  quenching,  or  the  smaller  the  slope,  the  more  accurate  the 
intercept  can  be  determined.  For  this  reason,  the  intercept  was  taken 
as  the  average  for  the  five  curves  with  the  lowest  Br2  to  Cl2  ratio. 
Table  II  summarizes  the  data  for  these  five  curves.  The  values  for  the 
slope  and  intercept  were  determined  from  a linear  least  squares  fit  to 
the  data. 
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Figure  5 

A Plot  of  the  Observed 
Decay  Rate  Versus 
Pressure 
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Figure  6 
A Plot  of  the 
Observed  Decay 
Rate  Versus  Pressure 
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A straight  average  of  the  zero  pressure  intercepts  gives  a decay 


rate  of  5.4  ± .6  x 104sec_1  which  corresponds  to  lifetime  of  18.5  ± 


3 ysec. 


In  order  to  determine  the  quenching  rate  for  Cl 2 gas,  several  mixtures 
were  made  where  the  RrCl  pressure  was  a constant  2 Torr  (assuming  equilibrium 
constant  K=8)  while  varying  the  Cl2  pressure  and  keeping  the  pres- 
sure less  than  0.05  Torr.  Figure  8 is  a Stem-Volmer  plot  of  the  decay 
rate  as  a function  of  Cl2  pressure  for  constant  BrCl  pressure.  The 
Stem-Volmer  plot  can  be  represented  by  the  equation 


- = - + °C1? 
T To  2 


(8n/ukT)1/,2P( 


Cl. 


where  ^ is  the  decay  rate  at  zero  C]?  pressure  (lxit  2 Torr  RrCl  pres- 


sure), is  the  cross  section  for  Cl  2 quenching,  p is  the  RrCl-C^ 


reduced  mass,  and  P^  is  the  CI2  gas  pressure.  From  the  slope,  .4  x 

4-1  -1  2 -182 

10  sec  Torr  , or,  is  found  to  be  1 ± .25  x 10  an.  The  intercept, 

L12 

15.2  x 10^  sec  \ is  the  quenching  rate  for  zero  CI2  pressure  and  2 Torr 


4 -1 

of  RrCl.  Previous  data  gave  an  intercept  of  5.4  x 10  sec  at  zero 


total  gas  pressure.  The  difference,  9.8  x lO^sec  *,  divided  by  2 Torr 


4 -1  -1 

gives  a self  quenching  rate  for  RrCl  of  4.9  x 10  sec  Torr  . This 


-17  2 

translates  into  a self  quenching  cross  section  oRrCl  of  1.5  x 10  an  . 


Th . self  quenching  cross  section  is  about  15  times  larger  than  the  Cl2 
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quenching  cross  section.  Assuming  the  rates  for  Cl^  and  BrCl  were  now 

determined,  we  tried  to  determine  the  quenching  rate  from  the  slopes 

for  the  various  mixes,  i.e.,  the  slopes  in  Figures  4,  5,  and  6.  All  of 

the  slopes  (except  the  4:65  mix)  including  the  larger  ratios  of  24:65, 

32:65,  and  65:65  are  consistent  with  an  assignment  of  a self  quenching 

-17  2 

cross  section  oBrCl  = 1 + 0.5x10  cm  and  both  Cl  2 and  B^  quenching 
cross  sections  an  order  of  magnitude  smaller.  However,  a cross  section 
for  Br2  could  not  be  determined. 

O 

All  of  the  preceding  data  was  at  an  excitation  wavelength  of  5782A. 
To  check  for  a wavelength  dependence  of  the  decay  rate,  we  changed  the 

O 

excitation  to  5878A  which  pumps  the  v"=2  + v'*6  band  of  BrCl.  Figure  9 

O 

compares  the  slope  and  intercept  to  that  obtained  at  5782A.  The  inter- 

O 

cept  is  the  same  as  at  5782A  within  the  assigned  error.  Two  more  data 
runs  were  made  (but  not  shown  in  the  figure)  and  the  intercept  was 

O 

exactly  the  average  of  all  data  at  5782A.  The  laser  was  then  tuned  to 

O 

6069A  to  pump  the  v"=2  -+  v'=3  band.  As  shown  in  Figure  9,  this  data  was 
also  consistent  with  previous  data.  The  failure  of  the  decay  rate  to 
vary  with  excitation  wavelength  is  consistent  with  the  assumption  that 
the  a3nQ  vibrational  levels  arc  thermalized  at  the  pressures  used  (1-50 
Torr)  and  that  the  fluorescence  is  principally  from  the  v'=0  and  v'=l 
levels.  (That  this  is  the  case  will  be  shown  later.) 


I 
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Figure  9 The  Decay  Rate  Versus  Pressure  for  Various 
Excitation  Wavelengths 
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Figure  10  A Stem-Volmer  Plot  of  the  Decay  Rate  Versus 
Pressure  for  He  and  Air 
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To  determine  the  effect  of  contaminants  such  as  H20,  N2,  and  02,  on 

the  decay  rate,  we  measured  the  rate  as  a function  of  pressure  for  air. 

The  Br2,  Cl2,  and  BrCl  pressures  were  held  constant.  The  results  are 

shown  in  Figure  10  as  well  as  the  quenching  for  He  gas.  Assuming  air  to 

be  78%  N2,  21%  02  and  1%  Ar,  the  quenching  cross  section  for  air  is 
-18  2 

8 x 10  cm  . This  implies  it  would  take  1 Torr  of  air  in  our  sample  to 

significantly  effect  the  decay  rate.  The  vacuum  was  at  least  as  good  as 
-2 

10  Torr  at  all  times  when  the  pump  was  valved  off.  The  He  quenching 

-19  2 

cross  section  (a^e)  is  3 x 10  cm  . 

An  auxiliary  experiment  was  done  to  verify  that  we  were  actually 
optically  pumping  BrCl,  that  the  excited  state  vibrational  levels  were 
thermalized,  and  that  there  was  no  emission  from  Cl2  or  the  long-lived 
A3n1  state  of  Br2-  A schematic  diagram  of  the  apparatus  is  shown  in 

O 

Figure  11.  An  argon  ion  laser  pumped  cw  dye  laser  was  tuned  to  5878A, 
the  beam  was  chopped,  sent  through  a sample  cell  and  into  a 1 meter 
McPherson  monochromator.  The  fluorescence  from  the  sample  was  monitored 
by  a .3  meter  McPherson  scanning  spectrophotometer.  The  output  went 
into  a P.A.R.  lock-in  amplifier  along  with  the  reference  signal  from  the 
chopper.  The  lock-in  output  was  then  put  on  a strip  chart  recorder. 

With  500  Torr  of  G2,  we  observed  no  fluorescence.  Figure  12  shows  the 
fluorescence  observed  from  a sample  containing  50  Torr  of  Br2  when 
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Figure  12  The  Fluorescence  Spectrum  of  Br?  and  BrCl 
With  an  Fxcitation  at  5878A  L 
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Figure  11  A Schematic  Diagram  of  the  Experimental  Setup 
for  Observing  the  Fluorescence  Spectrum 
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excited  at  5878A.  This  wavelength  coincides  with  the  XlE(v"«3) 

B3no(v'=16)  transition.15  It  is  higher  in  energy  than  the  dissociation 
limit  of  the  A3n^  state.  What  is  observed  is  a progression1 5 from  the 
v'=16  level  to  ground  state  levels  v"»13-18.  This  indicates  that  the 
B3no  state  decay  rate  is  so  large  at  50  Torr  the  vibrational  levels  are 
not  completely  thermalized.  No  A3H^  emission  was  observed.  With  a 
sample  containing  a 4:65  mix  of  Br2  and  Cl2  at  a total  pressure  of  276 
Torr  244  Torr  Cl2,  31  Torr  BrCl,  and  .5  Torr  Br2)  we  observed  the 

O 

spectrum  shown  in  Figure  12.  The  laser  was  still  tuned  to  5878A, 
corresponding  to  pumping  the  v"=2  -*•  v'«6  band  of  BrCl,  but  the  emission 
shows  progressions  from  v'=0  and  v'=l.  There  are  several  emission  lines'* 
from  the  v'*2  and  v'=3  levels  which  lie  in  the  spectral  range  7000- 

O 

8600A  but  do  not  appear  even  though  they  have  larger  Franck- Condon 
factors.3  Note  also  that  the  amplitude  of  the  v’*0  peaks  are  larger 
than  the  corresponding  v'Bl  even  though  the  Franck-Condon  factors  are 
smaller.  Therefore,  it  is  concluded  that  the  lifetime  is  sufficiently 
long  that  the  a3Ho  vibrational  levels  are  thermalized.  This  is  con- 
sistent with  the  observation  that  the  observed  decay  rate  does  not 
depend  upon  the  excitation  wavelength.  For  a thermal  distribution,  the 
vibrational  population  can  be  calculated  from  the  Boltzmann  distribution:13 

-n  fv)/. 6952T 
Nv  * N c 0 
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. where  Gq(v)  is  the  vibrational  energy  of  the  vth  level  and  T is  the 

temperature  in  °K.  This  results  in  68%  of  the  molecules  in  the  v'-O 
level  with  24%  and  8%  in  v'-l  and  v'-2  levels,  respectively. 

The  BrCl  emission  spectrum  shown  in  Figure  12  is  also  free  of 
emission  (and  G^)  which  is  further  evidence  that  with  the  pulsed  laser 
measurements  of  the  decay  rate  we  were  actually  observing  BrCl  fluorescence. 
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SUMARY  AND  CONCLUSIONS: 

In  summary,  we  have  measured  the  combined  lifetime  of  the  v'=0  and 

v'-l  vibrational  levels  of  the  a3n  state  of  BrCl  and  obtained  a value 

o 

of  18.5  ± 3 usee.  The  quenching  rates  for  C^,  BrCl,  lie,  and  air  are  4 x 

103sec  *-Torr~*,  3.3  x lO^sec  *-Torr  *,  3.8  x 10‘\sec"^-Torr and  5.3  x 
4-1  -1 

10  sec  -Torr  , respectively.  In  terms  of  cross  sections,  these  are  1 
x 10  *8cm2,  1 x 10  17cm2,  3 x 10  ^cm2,  and  8 x 10  ^8cm2,  respectively. 
The  Br2  quenching  rate  is  small,  on  the  order  of  the  C^  rate. 

In  conclusion,  this  experiment  does  not  explain  the  failure  of  BrCl 
to  lase.  The  decay  rate  is  not  short  compared  to  chemical  reaction 
rates  and  the  quenching  rates  are  relatively  small.  This  does  not 
preclude  that  the  radiative  lifetime  is  longer  than  the  observed  life- 
time, in  which  case  the  gain  of  the  system  could  be  insufficient  for 
lasing. 
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DYNAMIC  RESPONSE  OF  AN  ARCH  SUBJECTED 
TO  A BLAST  LOAD 


by 

David  Wang 


ABSTRACT 


The  response  of  an  arch  subjected  to  a blast  load,  currently,  is  assumed 
to  be  caused  by  a symmetrical , uniform,  radial  pressure  corresponding  to  a 
"breathing  mode"  and  an  anti symmetri cal , uniform,  radial  pressure  corresponding 
to  a "flexural  mode"  (1),  (2)*.  The  analysis  of  arches  based  on  the  above 
assumption  is  approximate  in  nature  because  contributions  to  the  arch  responses 
due  to  the  higher  vibrational  modes  are  neglected. 

The  "exact  analysis"  of  the  arch  responses  can  be  achieved  by  using  the 
finite-element  method.  The  arch  is  approximated  by  using  a large  number  of 
bar-elements  such  that  an  accurate  result  is  assured.  Because  of  the  complexity 
of  the  problem,  the  cost  of  the  computing  time  in  obtaining  the  exact  analysis 
through  the  finite  element  approach  is  usually  high  and  for  many  preliminary 
estimates  is  not  required.  Therefore,  a simple,  yet  reliable  simplified 
procedure  for  obtaining  accurate  information  to  determine  the  response  of  arches 
under  blast  loading  needs  to  be  formulated. 

The  arch,  in  this  study,  is  converted  to  a lumped  mass  multidegrees  of 
freedom  system.  Its  responses  are  to  be  obtained  by  the  method  of  "modal 
analysis,"  in  which  the  responses  in  the  normal  modes  are  determined  separately, 
and  then  superimposed  to  provide  the  total  response.  Results  from  this  study 
indicate  that,  by  selecting  appropriate  normal  modes  involved  in  the  analysis, 
generally  two  or  three  at  the  most,  an  accurate  arch  response  can  be  obtained. 
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♦Numbers  in  the  parenthesis  refer  to  the  references  at  the  back  of  this  report. 
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amplitude  of  displacement 
nodal  displacement 
external  nodal  force 
number  of  lumped  mass 
number  of  normal  modes 

number  of  components  of  the  nodal  displacement 
stiffness  matrix 
mass  matrix 

stiffness  of  the  element 

modal  response  (internal  forces)  of  free  vibration 
work  by  external  forces 
amplitude  ratio  of  nodal  displacement 
angular  frequencies  of  free  vibration 

the  l'th  lumped  mass 
the  jth  normal  mode 

the  kth  component  of  the  nodal  displacement 
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INTROOUCTIQN 

The  behavior  of  arches  when  subjected  to  a blast  load  Is  a complex  phenomenon 
The  loading  is  difficult  to  determine  with  respect  to  spatial  distributions  and 
with  respect  to  time  variations.  The  arch  responses  (displacements,  internal 
forces,  and  stresses)  due  to  the  blast  load  are  also  more  complicated  than  other 
types  of  structural  elements,  such  as  beams  and  frames  because  of  the  curvature 
of  its  mid-plane.  Exact  methods  such  as  finite-element  method  are  possible  but 
they  are  not  always  practical  for  rapid  design  or  analysis  purposes. 

To  simplify  the  effort  of  acquiring  the  arch  responses,  the  "modal  analysis" 
method  is  adopted  here  in  this  study.  The  arch  is  converted  to  an  equivalent 
multi  degree  of  freedom  system  with  masses  and  external  loads  concentrated  at  the 
nodes.  Modal  equations  are  derived  from  the  Lagrange’s  equation  and  they  are 
solved  numerically  for  each  individual  mode.  Natural  frequencies  are  obtained  by 
forming  a separate  eignevalue  problem  or  they  can  be  approximated  by  equations 
established  by  Velestsos  (3)  and  Wolf  (4).  The  normalized  modal  shape  and  Its 
corresponding  modal  responses  at  the  nodes  cind  within  the  element  are  obtained 
once  the  nodal  displacement,  natural  frequencies,  geometrical  and  material 
properties  of  the  arch  are  given.  The  total  response  of  the  arch  is  then 
obtained  by  superimposing  selected  individual  modal  responses  with  the  considera- 
tion of  the  nature  of  these  individual  modes. 

SYSTEM  AND  GOVERNING  EQUATIONS 

A semi-circular  hinged  arch  is  modeled  by  six  straight  bar  elements  of 
equal  length  (figure  1).  An  eight  bar  elements  model  Improves  the  results  by 
only  1.5%  while  the  effort  in  computation  is  increased  considerably.  Using  the 
usual  assumptions  about  the  free  vibration  of  an  elastic  system,  the  governing 
equation 


[K]  {d}  = a)2  [M]  (d)  (1) 


is  obtained,  in  which  [K]  and  [M]  are  stiffness  and  mass  matrices;  {d},  the  nodal 
displacement;  and  o>  is  the  natural  frequency  of  free  vibration.  The  modal 


equations  are 

derived  following  the  Lagrange  equation  (1)  in  which 

I J .2 

K 

K.  E.  = 

Z 1/2  M,  Z A, 
1 1 j*l  J 

Z 

k=l 

♦?jk 

1 J 9 

K 

P.  E.  = 

Z 1/2  S,  Z 

i=l  1 j=l  J 
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^Aijk 
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is  the  amplitude  of  displacement  of  an  arbitrarily  chosen  mass 

is  the  stiffness  of  the  elements 

is  the  external  nodal  force 

is  the  number  of  lumped  mass 

is  the  number  of  normal  modes 

is  the  number  of  nodal  idsplacement  components 

is  the  amplitude  ratio  of  nodal  displacement  with  respect  to  A 


is  the  amplitude  ratio  ot  nodal  displacement  with  respect  b 
of  the  itn  mass,  jth  mode  in  the  ktn  displacement  component 

After  appropriate  differentiations,  modal  equations 


I K 

A ,-ik  ‘Mjk 

i=l  k=l 


A 4 
j 


(Dj 


A 4 

J 


I K 

!.  H,  I jk 
1=1  k=l 


(2) 


j = l,2, , J 


are  obtained.  The  numerator  and  denominator  of  the  right  side  in  equation  (2) 
are  generalized  force  and  generalized  mass  of  the  equivalent  system,  respectively. 


Equation  (1)  is  solved  by  the  finite  element  method  using  the  'Nastran" 
program  (5)  and  a CDC  7600  digital  computer  and  equation  (2)  is  solved  numerically 
by  Newmark's  "Beta"  method  (1, 


The  material  of  the  arch  has  the  following  properties: 


E = 3 x 10^°  P, , Poi '.son's  ratio  = 0.15 


, kg 

mass  density  = 2.5  x 10J  nT* 
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The  blast  load  which  advances  in  a direction  normal  to  the  arch  longitudinal 
axis  and  parallel  to  its  base  was  obtained  analytically.  Its  pressure-time 
history  is  listed  in  Table  1 and  is  obtained  by  a piecewise  linear  approximation. 

RESULTS  AND  ITS  ANALYSIS 


For  the  given  geometrical  and  material  properties  of  the  arch,  modal  shapes 
and  their  responses  of  free  vibration  of  the  ten  modes  computed  from  Equation  (1) 
are  shown  in  figures  (2)  and  (3).  A "direct  transient"  solution  using  all  the 
normal  modes  as  generalized  coordinates  and  a "modal  transient"  solution  using 
individual  normal  mode  as  generalized  coordinates  are  also  obtained.  They  are 
obtained  by  using  the  "Nastran"  Program  with  the  finite  element  approach  in  order 
to  compare  with  results  computed  from  Equation  (2)  of  the  equivalent  multidegree 
system  of  the  same  load.  The  comparisons  are  made  to  prove  or  disprove  the 
simple  approach.  The  comparisons  of  the  response  history  between  these  two 
different  approaches  are  shown  in  figure  4 through  figure  8 at  selected  nodes 
and  bar  elements.  The  response  of  the  arch  from  the  equivalent  system  can  be 
computed  by  using  the  following  expressions: 


J 

dj|<  = EAj  - - - (displacement) 

j=l 


Ri 


R^j  - - - (moment,  shear,  and  thrust) 


(3) 


in  which  R-jj  denotes  the  modal  response  of  free  vibration  at  node  i due  to 
the  mode  (6).  The  Summation  covers  the  selected  relevant  modes. 

The  selection  of  appropriate  normal  modes  in  computing  the  responses 
depends  a great  deal  on  the  nature  of  the  normal  modes.  Normal  modes,  whether 
it  be  symmetrical  or  anti symmetri cal , may  be  predominately  flexural,  predominately 
extensional,  or  the  combination  of  both,  depending  on  the  proportion  of  flexural 
and  extensional  energy  present  in  a given  mode.  This  proportion  of  energy,  in 
turn,  changes  with  the  slenderness  ratio  of  the  arch.  A qualitative  description 
of  the  energy  proportion  in  a given  normal  mode  is  shown  in  figure  9.  The 
vibrational  modes  are  entirely  extensional  in  the  middle  portions  of  the  diagonal 
lines  of  the  curves  and  entirely  flexural  along  the  horizontal  segments.  In  the 
regions  where  the  diagonal  lires  approaching  the  horizontal  segments,  the  pro- 
portion is  approximately  50-50.  The  displacement  at  nodes  can  be  obtained  by 
using  the  1st  mode  only  while  moments  at  nodes  should  be  calculated  by  including 
the  first  two  flexural  modes  as  indicated  in  figures  4 and  5.  To  compute  the 
thrust  within  the  element,  1st  mode  and  5th  mode  (breathing  mode  which  is 
approximately  50%  extensional  from  figure  9)  together  will  approximate  it  to 


r 


within  20%  of  the  exact  solution  at  the  peak  loading  as  indicated  In  figure  7. 
Improved  results  can  be  achieved  by,  including  In  the  computation,  the  lowest 
predominate  extensional  mode,  which  is  the  6th  mode  in  this  particular  arch. 
Figure  8 shows  that  the  improved  result  of  thrust  almost  matches  that  of  the 
exact  solution  at  the  peak  loading.  Higher  extensional  normal  modes  will  not 
improve  the  result  further  in  the  approximation  because  of  its  small  amplitude. 

CONCLUSIONS 


Design  of  aboveground  arches  subjected  to  a blast  load  can  be  simplified 
by  converting  the  structure  to  an  equivalent  multidegree  system.  Modal  responses 
of  free  arch  vibrational  modes  can  be  obtained  by  forming  a separate  eigenvalue 
problem.  Superimposing  the  modal  response,  computed  as  indicated  by  Equation  3, 
for  selected  appropriate  individual  modes,  will  yield  vital  information 
required  in  the  design  of  arches  subjected  to  a blast  load. 


I 

I 

I 

I 

I 

I 

i 

i 
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TABLE  1 

PRESSURE-TIME  HISTORY  OF  THE  BLAST  LOAD* 


Time 

0 

0.00525 

0.0144 

0.0275 

0.0375 

Pressure 

0 

8.276 

5.345 

3.103 

1.897 

Time 

0.0475 

0.152 

Pressure 

1.138 

0 

3! 

NODE  2 

ril 

Time 

0.0005 

0.006 

0.0175 

0.0275 

0.0375 

Pressure 

0 

7.586 

4.276 

2.62 

1.672 

Time 

0.0475 

0.153 

V 

Pressure 

0.966 

0 

!i 

NODE  3 

fi 

Time 

0.001 

0.00675 

0.0175 

0.0275 

0.0375 

Pressure 

0 

4.565 

2.235 

1.304 

0.635 

Time 

0.0475 

0.153 

Pressure 

0.226 

0 

J 

NODE  4 

j. 

Time 

0.004 

0.00625 

0.0175 

0.0275 

0.0375 

Pressure 

0 

2.47 

0.609 

0.157 

-0.339 

Time 

0.0475 

0.156 

; ( 

Pressure 

-0.513 

0.0 

J 

NODE  5 

\ 

Time 

0.00625 

0.00894 

0.0125 

0.0175 

0.0275 

Pressure 

0 

1.597 

0.276 

-0.241 

-0.534 

Time 

0.0375 

0.0494 

0.0515 

0.158 

] 

Pressure 

0.438 

0.438 

0.621 

0 

J 

NODE  6 

I 

Time 

0.00834 

0.0108 

0.0125 

0.0181 

0.0213 

Pressure 

0 

1.103 

0.441 

-0.262 

0.441 

Time 

0.0225 

0.0259 

0.0338 

0.0415 

0.0515 

Pressure 

1.138 

0.569 

0.079 

0.534 

0.947 

Time 

0.160 

Pressure 

0 

*1 . Time  is 

in  seconds  and  pressure 

is  in  Pascals 

x 105. 

1 

2.  Initial 

time  is  when 

the  shock 

front  reaches 

the  base  (NODE  1)  on 

the  windward  side  of 

the  arch. 

'■  ■ 


Comparisons  of  Thrust  in  Element 


UEFF1C1QT 


To  Illustrate  application  of  Equation  (2)  and  (3),  we  use  the  following 
numerical  example  to  demonstrate  the  computation  of  dynamic  responses  of  the 
1st  mode  and  5th  mode  of  the  arch  at  t ■ 0.03  sec. 

A)  1st  Mode  Response 

1.  Data  Required 


The  normal  mode  analysis  of  the  "Nastran"  program  fpr  solving  the 
eigenvalue  problem  (Equation  [1])  yields  the  following  data: 

M = Gen.  Mass  = 7.44  x 102  kg 

k * Gen.  Stiffness  =»  6.63  x 106  N/M 

X - u>2  » 8.91  x 103 

f * A / 2tt  = 15.02  Hz 


♦1 


0 -0.84  -1.0  -0.90  -1.0  -0.84  0 , 

V (B-l) 

0 0.22  0.38  0 -0.38  -0.22  0 ' 


where  Is  the  eigenvector  set  of  the  1st  mode  with  respect  to  the  coordinate 
system  shown  In  figure  1,  and  {A}'  Is  the  transpose  of  matrix  {A} 


{M<}t  ■ Moment  response  of  free  vibration  of  the  1st  mode  In 
(N-M/Mj 

■ (0,  -3.5  x 106.  -3.3  x 106,  0,  3.3  x 106,  3.5  x 106,  0} 

{T^}t  ■ Thrust  response  of  free  vibration  of  the  1st  mode  In  N/M 

- {-2.74  x 106,  -3.08  x 106,  -1.36  x lO®,  3.08  x 106,  (B-2) 

2.74  x 106) 

2.  Calculation  of  generalized  mass  and  generalized  force  load  calculations 


{F^>  * Nodal  force  ■ b [Pf(t)lj]  {c*i |{> 


(B-2) 
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where  P^(t)  Is  the  pressure-time  history  at  the  flodes 
b Is  the  width  of  the  arch 

lj  is  the  portion  of  arch  length  over  which  the  uniform  nodal 
pressure  Pj(t)  Is  assumed  to  be  acting 

[Pl(t)li]  Is  a square  diagonal  matrix 

{oj^}  Is  the  direction  cosine  matrix  of  the  nodal  pressure  with 
respect  to  the  coordinate  system 


{a1k> 


1.0  0.87  0.5 


In  our  numerical  example. 
Mass  calculations  (in  kg) 


-0.5  -0.87  -1.0 


-0.5  -0.87  -1.0  -0.87  -0.5 


* i- 


{Mi}T  - {pAl.j}T  = {82,  164,  164,  164,  164,  164  , 82} 

(B-3) 

Substitute  expressions  (B-l),  (B-2)  and  (B-3)  into  the  right  hand  side  of 
Equation  (2),  the  generalized  mass*  and  generalized  force  can  be  obtained 
accordingly. 

3.  Calculations  of  amplitude  and  nodal  displacements.  The  modal 
equation  of  the  1st  mode,  after  substitution  of  data  obtained  In  steps  (1)  and 
(2),  for  the  arch  Is 

7 2 


At  + 8.91  x 10J  At  * 


E F1k  s ^1k 
1=1  1 k=l 


(B-4) 


ii 


*the  Nastran  program  yields  the  numerical  values  of  generalized  mass  for  the 
normal  modes  considered  and  normalizing  method  selected.  Therefore,  computations 
of  generalized  masses  are  not  necessary. 
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Equation  (B-4)  Is  solved  numerically*,  we  have,  at  t * 0.03  sec,  A-j  ■ -0.045M. 
Nodal  displacements  are  obtained  by  the  1st  expression  of  Equation  (3),  l.e., 


{dn^i  a Ai  j >i  3 -0.045M 


0 

0 

0 

0 

-0.84 

0.22 

0.038 

-0.01 

-1.0 

0.38  ) 

f 0.045 

-0.017 

-0.90 

0 1 

a 

j 0.041 

0 

-1.0 

-0.38 

0.045 

0.017 

-0.84 

-0.22 

0.038 

0.01 

0 

0 

0 

0 

4.  Computations  of  moments  and  thrust  from  the  2nd  expression  of  Equation 
(3),  we  have 


{Mi}]  - A1  {M11 } * 0.45M 


{T1>1  3 A-j  CT 1 1 } 3 -0.045M 


-3.5  x 106 
-3.3  x 10*  'I 
0 

3.3  x 106 
3.5  x 106 
01 

-2.74  x 106 
-3.08  x 10s 
-1.36  x 106 
1.36  x 10* 
3.08  x 106 
2.74  x 106 


0.16  x 106 
0.15  x 106 
0 

-0.15  x 106 
-0.16  x 106 
0 

0.12  x 10s 
0.14  x 106 
0.61  x 10* 
-0.61  x 10s 
-0.14  x 10® 
-0.12  x 10® 


♦Equation  (B-4)  Is  volved  by  the  existed  s.d.o.f.  program  modified 
during  the  summer  of  1976  for  lumped-mass  multi-degree  systems. 
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B)  5th  mode  response 

Following  steps  taken  In  the  1st  mode  response  calculations,  we  have 
1.  Required  data 

M » 8.24  x 102  kg 
k » 1.31  x 109  N/M 

\ » 1.59  x 10* 

f = A /2tt  = 201  Hz 

♦5  3 {<J>1k>5  3»  0 0.87  0.37  0 -0.37  -0.87  0 ) 

'0  -0.71  -0.81  -1.0  -0.81  -0.71  0' 


{Mi5)T  *>  {0,  1.04  x 107,  -6.23  x 106,  4.35  x 10®,  -6.23  x 10®, 
1.04  x 107,  0} 


{T15}T  * (-5.37  x 10®,  -4.89  x 10®,  -4.68  x 10®,  -4.89  x 10®, 
-5.37  x 10®} 


2.  Calculations  of  generalized  mass  and  generalized  force  same  as 
that  of  the  1st  mode  response  with  consideration  for  different  numerical 
values. 

3.  Calculations  of  amplitude  and  nodal  displacements 

The  modal  equation  of  the  5th  mode,  after  appropriate  data 
substitution.  Is 


7 2 


A5  + 1 .59  x 10®  Ag  = E^  E F1k  <J>1k/8.24  x 102 

The  above  equation  Is  again  solved  numerically,  and  at  t ■ 0.03  sec,  we  have 

A,  = 0.000029M 


(B-6) 
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The  nodal  displacements  are 


0.000029M 


4.  Computations  of  moment  and  thrust  moments  at  the  nodes  are 


(Mj  c}  ■ 0.000029M 


I 

H 


The  thrust  within  the  elements  are 


{T1}*-  = A,  {TjC}  =>  0.000029M 


-5.37  x 108 

-1.56  x 104 

-4.89  x 108  ‘ 

1 ' 

[ -1.42  x 104  1 

-4.68  x 108 

»■  ' 

' -1.36  x 104  l 

-4.68  x 108 

-1.36  x 104 

-4.89  x 108 

-1.42  x 104 

-5.37  x 108 

-1.56  x 104 

C)  Total  responses  of  the  arch 

The  total  response  of  the  arch  is  simply  the  sum  of  the  responses 
the  modes  being  considered.  Therefore,  for  the  two  modes  being  considered 
this  numerical  example,  the  nodal  displacements  are 


fd1k}  ■ {d1k>l  + (d1k}5  = 
t=30  ms  t=30  ms  t=30  ms 


0 

0.038 

0.045 

0.041 

0.045 

0.038 

0 


0 

-0.01 

-0.017 

0 

0.017 

0.01 

0 


(B-8) 


f 1.603  x 105 

1 1.498  X 105 

A o N-M 

ta30ms  5-30ms  5=30ms  1.26  X 10^ 

-1.502  x 105 

-1.597  x 105 
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lo  get  more  accurate  results,  the  2nd  mode  should  be  Included  Instead  of  the 
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OPTICAL  FIBER  EXPLOSION- INITIATION  SYSTEM 
by 

D.  A.  Smith 
ABSTRACT 


A laser-initiated  pulse  of  optical  energy  may  be  sent  over  an  optical 
fiber  for  the  purpose  of  initiating  explosion.  Energy  requirements  for  the 
initiation  of  explosion  in  common  materials  range  from  0.006  to  0.150  joule 
delivered  in  less  than  10  milliseconds.  For  the  optical  system  under  study 
an  energy  of  0.01  joule  is  used.  In  order  that  a variety  of  optical  fiber 
properties  be  taken  into  account,  several  optical  fibers  are  considered  as 
the  propagation  medium.  Inherent  attenuations  in  the  fibers  considered  range 
from  less  than  20  dB/km  to  well  over  1000  dB/km.  Permanent-induced  attenua- 
tions due  to  radiation  range  from  less  than  10-5  dB  km-1  rad-1  to  5 dB  km-1 
rad-1  with  maximum  transient-induced  attenuation  due  to  radiation  reaching 
much  higher  values.  Sources  considered  are  both  solid-state  lasers  such  as 
neodymium-glass  lasers  and  semiconductor  lasers.  While  the  solid-state 
lasers  are  practical  sources  for  this  application,  it  is  determined  that  the 
pulse  energy  of  a semiconductor  laser  is  insufficient  for  initiation  of 
explosion. 

Overall  system  requirements  are  utilized  to  determine  optimum  arrange- 
ments for  various  conditions.  Optimum  arrangements  in  both  a non-radiation 
environment  and  in  various  radiation  environments  are  determined.  Applying 
a first  order  analysis  to  determine  the  feasibility  of  utilizing  an  optical 
fiber  explosion-initiation  system  has  yielded  the  results  that  such  a system 
will  operate  over  distances  of  several  tens  of  meters  after  exposure  to 
radiation  doses  of  106  to  108  rads  if  the  transient  effects  are  allowed  to 
decay  leaving  only  the  permanent  effects,  but  in  applications  where  the 
system  is  subjected  to  high  radiation  doses  and  is  required  to  operate 
shortly  following  irradiation  while  the  transient  effect  is  still  large, 
such  a system  no  longer  appears  feasible. 
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INTRODUCTION 


Since  1970  transmission  systems  utilizing  optical  fibers  have  been 
drawing  much  attention  for  use  in  many  military  and  Industrial  applications. 
Optical  fibers  offer  a number  of  appealing  features  such  as  low  loss,  small 
size,  light  weight,  high  capacity,  and  small  bending  radius.  In  addition, 
since  they  contain  no  metal,  they  neither  radiate  nor  pick  up  electromagnetic 
interference  as  do  wire  and  cable  systems.  Also  there  are  no  grounding 
problems  or  short  circuits  associated  with  optical  fibers. 

A pulse  of  electrical  or  mechanical  energy  is  commonly  used  for  the 
initiation  of  explosion.  An  optical  pulse  may  also  be  used  for  such  an 
application.  The  purpose  of  this  project  is  to  investigate  the  feasibility 
of  sending  a laser  pulse  over  an  optical  fiber  to  initiate  explosion. 

Of  particular  interest  are  the  capabilities  and  limitations  of  such  a system 
when  exposed  to  radiation.  This  study  utilizes  the  measured  results  of 
several  previous  investigators  to  develop  a first  order  analytical  approach 
in  order  to  investigate  these  capabilities  and  limitations  and  to  seek 
performance  trade-offs  in  the  overall  system.  Several  types  of  optical 
fibers  and  optical  sources  are  considered. 

The  basic  optical  fiber  explosion- initiation  system  consists  of  a pulse 
laser  as  the  source,  an  optical  fiber  waveguide,  and  explosive  material  as 
the  receiver.  When  the  optical  fiber  is  exposed  to  radiation,  the  radiation 
pulse  causes  luminescence  and  absorption  within  the  fiber.  The  luminescence 
is  a maximum  during  the  radiation  pulse  and  negligible  thereafter.  Immediately 
following  irradiation  the  induced  absorption  is  a maximum  and  decays  with  time 
to  some  permanent  value.  Both  permanent  and  transient  induced  absorption  are 
considered  in  this  investigation. 

EXPLOSION-INITIATION  REQUIREMENTS 


Properties  afnd  compositions  of  explosive  materials  have  been  described 
extensively  by  Bauer  [1],  Explosive  actuated  devices  can  be  initiated  by 
electrical,  mechanical,  or  laser  initiator  units.  Information  is  available 
on  many  specific  detonating  and  deflagrating  devices,  such  as  those  manufac- 
tured by  duPont  [2],  The  energy  required  for  the  initiation  of  explosion  in 
common  materials  ranges  from  0.006  joule  to  0.150  joule  delivered  in  a pulse 
of  less  than  10  milliseconds  duration.  The  corresponding  minimum  peak  pulse 
power  or  energy  per  unit  time  is  that  which  will  always  fire  the  initiator. 

There  is  also  a no-fire  power  which  is  a continuous  power  that  may  be  applied 
without  firing  the  initiator.  No-fire  powers  range  from  0.04  watts  to  2.7 
watts  continuous  in  common  materials.  There  is,  therefore,  a fairly  broad 
range  of  all-fire  and  no-fire  specifications  available  in  common  explosive- 
initiation  materials. 

In  spite  of  the  fact  that  there  is  a broad  range  of  explosive  specifica- 
tions available,  it  is  convenient  for  analysis  purposes  to  designate  typical 
firing  requirements.  In  electrical  Initiator  units  a typical  unit  is  one  with 
a no-fire  power  of  1 watt  continuous  and  an  all-fire  power  of  25  watts  peak 
delivered  in  a 1.2  millisecond  pulse  [1],  This  is  an  energy  of  0.03  Joule  in 
the  pulse.  The  epergy  is  delivered  through  a bridgewire  with  a typical  area 
of  4 x 10“3  cm2  resulting  in  an  energy  density  of  7.5  joules/cm2  for  initiation. 


An  optical  beam  can  be  focused  to  a smaller  area  than  that  occupied  by  a 
bridgewlre.  It  Is  probably  not  desirable  to  make  the  area  much  smaller, 
however,  since  at  some  point  the  reliability  of  explosion  will  decrease  as 
the  initiation  area  decreases.  Also  the  quality  of  the  focusing  lens  increases 
with  decreasing  required  focused  area.  For  the  optical  system  under  study  an 
energy  density  of  10  joules/cm2  applied  to  an  area  of  10"2  cm2  is  used.  This 
results  in  a required  energy  of  0.01  joule  delivered  to  the  explosive  material. 
The  all-fire  optical  power  could  typically  range  from  1 megawatt  peak  for  a 
10  nanosecond  duration  pulse  to  10  watts  peak  for  a 1 millisecond  duration 
pulse.  A corresponding  typical  no-fire  optical  power  would  be  0.25  watts 
continuous. 

An  investigation  of  pyrotechnic  materials  which  exhibit  high  sensitivities 
to  laser  wavelengths  has  been  made  by  Mittendorf  [3].  He  found  that  a mixture 
of  titanium,  potassium  perchlorate,  and  manganese  dioxide  exhibited  a selective 
sensitivity  to  the  10,60C)X  wavelength  of  neodymium  lasers,  while  a mixture  of 
titanium,  potassium  perghlorate,  and  Prussian  blue  exhibited  a .selective 
sensitivity  to  the  6943A  wavelength  of  the  ruby  laser.  The  energy  required 
for  ignition  for  these  materials  at  their  selective  wavelength  was  found  to 
be  typically  in  the  0.01  joule  region. 

SOURCES 

Solid-state  lasers  such  as  neodymium-glass  and  neodymium-Yag  lasers 
operating  at  a wavelength  of  1.06  pm  and  ruby  lasers  operating  at  a wavelength 
of  0.6943  pm  are  readily  available  that  emit  a nulse  with  sufficient  energy  to 
fulfil  the  explosion- initiation  requirements  described  [4],  Such  lasers  are 
available  with  output  pulse  energy  in  the  1 to  100  joule  region,  pulse  widths 
in  the  15  nanosecond  to  1 millisecond  range,  and  pulse  repetition  rates  from 
30  pulses  per  second  for  1 joule  pulses  to  4 pulses  per  minute  for  100  joule 
pulses. 

Radiation  effects  on  lasers  have  been  investigated  by  Compton  [5]. 

Lasers  were  irradiated  at  dose  rates  of  up  to  2 x 1010  rads/second  and  to  total 
dosages  of  approximately  107  rads.  In  ruby  lasers  the  permanent  effect  after 
irradiation  is  a reduction  in  the  efficienty  of  stimulated  emission  for 
absorbed  dosages  above  104  rads.  The  degree  of  degradation  is  relatively 
constant  between  104  and  106  rads.  The  output  energy  after  irradiation  was 
restored  to  within  5%  of  the  preirradiation  energy  after  several  hours.  The 
permanent  effect  is  therefore  not  a severe  problem.  The  short-term  effect  is 
more  serious.  It  was  found  that  both  the  degree  of  degradation  of  laser 
efficiency  and  the  rate  of  annealing  depend  upon  the  rate  of  pumping.  No 
stimulated  emission  was  observed  during  the  first  flash  of  the  pump  lamp 
following  irradiation.  During  the  second  flash  of  the  pump  lamp  the  laser 
output  was  50%  of  that  prior  to  irradiation.  Improvement  was  found  with 
subsequent  flashes. 

Semiconductor  lasers  are  appealing  because  of  their  small  size,  light 
weight,  ease  of  pulsing,  and  higher  pulse  repetition  rates.  A survey  of 
available  semiconductor  lasers  has  shown*  however,  that  the  energy  available 
in  the  output  pulses  of  such  lasers  is  insufficient  for  initiation  of  the 
explosive  materials  discussed.  The  lasers  feasible  for  this  application  are, 
therefore,  the  non-semiconductor  type  of  solid-state  lasers  such  as  the 
neodymium-glass,  the  neodymium-Yag,  and  the  ruby  lasers. 
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OPTICAL  FIBERS 

The  effects  of  radiation  on  the  absorption  and  luminescence  of  optical 
fibers  have  been  measured  for  a wide  range  of  optical  fibers  and  materials 
[6, 7, 8, 9],  Several  of  these  are  considered  in  this  investigation.  Those 
considered,  listed  in  Table  1 along  with  some  of  their  properties,  are 
representative  of  the  types  of  fibers  available. 


TABLE  1 

i : 

OPTICAL  FIBERS  AND  PROPERTIES 


* «• 

Fiber 

Indices  of  Refraction 
Core  Cladding 

Core 

Diameter 

Cladding 

Thickness 

Numerical 

Aperture 

Reflee 

tance 

I.-*- 

Coming  5010 

1.62 

1.49 

1.6  mil 

0.2  mil 

0.63 

0.06 

Corning  Low  Loss 
Type  B 

1.5 

1.49 

3.3  mil 

1.0  mil 

-0.16 

0.04 

Galileo  K2K 

1.625 

1.48 

2.4  mil 

0.2  mil 

0.66 

0.06 

('  1 

Schott  Vitreous 
Silica 

1.5 

1.48 

2.6  mil 

0.6  mil 

0.26 

0.04 

Crofon 

1.49 

1.39 

55.5  mil 

0.25  mil 

0.53 

0.04 

Polystyrene 

1.5 

1.39 

2.7  mil 

0.15  mil 

0.57 

0.04 

l 


i 


i 
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The  intrinsic  attenuation  of  optical  fiber  is  dependent  on  wavelength  as 
well  as  material  composition  and  purity.  A typical  wavelength  dependence  is 
shown  in  Figure  1 for  a Coming  low-loss  fiber.  Typical  intrinsic  attenuations 
of  the  optical  fibers  under  consideration  are  shown  in  Table  2 for  several 
wavelengths. 


TABLE  2 

INTRINSIC  ATTENUATION  OF  OPTICAL  FIBERS  IN  dB/M 


Wavelength 


Fiber 

0.6pm 

0.  7pm 

0.8pm 

0.9pm 

1.06pi 

Coming  5010 

1.1 

1.3 

1.3 

1.1 

1.1 

Coming  Low  Loss 
Type  B 

0.03 

0.02 

0.02 

0.06 

0.02 

Galileo  K2K 

0.4 

0.35 

0.35 

0.5 

0.4 

Schott  Vitreous  Silica 

0.26 

0.26 

0.26 

0.33 

0.52 

Crofon 

0.5 

0.7 

1.3 

20.0 

3.0 

Polystyrene 

1.5 

1.5 

1.5 

20.0 

3.0 

■ ET 1?  ..  ■■  1 - 
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Radiation  exposure  has  a rather  severe  effect  on  the  attenuation 
characteristics  of  optical  fibers.  This  occurs  both  in  the  form  of  a transient 
absorption  and  of  a permanent  absorption  [6,7].  From  the  nature  of  these 
measured  results  It  Is  seen  that  there  is  not  a simple  relationship  between  the 
Induced  attenuation  and  radiation  dosage.  It  has  been  determined,  however, 
that  the  effects  of  radiation  are  identical  for  gamma-ray,  electron,  and  X-ray 
radiation  [6].  Although  the  induced  attenuation  due  to  radiation  exposure  may 
be  quite  complicated,  it  has  been  shown  that  a first  order  approximation  may 
be  conveniently  utilized  expressing  the  induced  attenuation  per  unit  rad  of 
absorbed  radiation  dosage  as  a constant  at  a given  wavelength.  The  permanent 
induced  attenuation  for  the  optical  fibers  under  consideration  was  determined 
from  measurements  made  by  the  various  investigators  cited.  An  average  value  of 
permanent  induced  attenuation  per  absorbed  dosage  was  calculated  from  the 
measured  results  over  a range  of  radiation  exposures.  These  average  values  are 
shown  in  Table  3 for  several  wavelengths.  Using  these  valueB  the  total  permanent 

TABLE  3 

AVERAGE  VALUES  OF  PERMANENT  INDUCED  ATTENUATION 


DUE  TO 

RADIATION 

EXPOSURE 

IN  dB  Km"1  rad' 
Wavelength 

■1 

Fiber 

0.6pm 

0.7pm 

0.8pm 

0. 9pm 

1.06pm 

Coming  5010 

9 

7 

5.2 

2.2 

0.6 

Coming  Low  Loss 
Type  B 

0.005 

0.001 

0.001 

0.0008 

0.0008 

Galileo  K2K 

7.5 

6.0 

3.5 

1.6 

0.34 

Schott  Vitreous  Silica 

0.0001 

<10“  5 

<10“5 

<10“  5 

<10“  5 

Crofon 

0.002 

0.001 

0.0002 

0.0003 

0.0002 

Polystyrene 

0.005 

0.001 

0.0005 

0.0001 

0.00006 

attenuation  for  each  of  the  fibers  under  consideration  may  be  determined  as  a 
function  of  radiation  absorption  dosage.  These  total  permanent  attenuations 
are  shown  for  two  wavelengths  in  Figures  2 and  3.  At  the  0.7pm  wavelength  the 
C-rning  low  loss.  Type  B fiber  has  the  lowest  attenuation  for  radiation  doses 
less  than  2.4  x 105  rads,  while  the  Schott  vitreous  silica  fiber  has  the  lowest 
attenuation  for  larger  radiation  doses.  At  a dose  of  108  rads  the  Corning  low 
loss , the  Crofon,  and  the  Polystyrene  fibers  become  comparable  at  an  attenuation 
nearly  two  orders  of  magnitude  above  that  of  the  Schott  vitreous  silica  fiber. 

At  the  1.06pm  wavelength  the  Corning  low  loss.  Type  B fiber  has  the  lowest 
attenuation  for  radiation  doses  less  than  6.3  x 105  rads,  while  again  the 
Schott  vitreous  silical  fiber  has  the  lowest  attenuation  for  larger  radiation 
doses.  At  doses  above  4 x 106  rads,  the  Polystyrene  and  Crofon  fibers  have 
lower  permanent  attenuation  than  the  Corning  low  loss  fiber,  but  have  an 
attenuation  about  an  order  of  magnitude  above  that  of  the  Schott  vitreous 
silica  fiber. 
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Transient  effects  In  optical  fibers  have  been  measured  by  the  investigators 
cited  [6, 7,8,9],  During  irradiation,  luminescence  occurs.  This  is  followed  by 
the  transient  absorption  effect.  The  transient  absorption  reaches  a maximum 
during  or  immediately  following  irradiation  and  decreases  with  time.  This 
maximum  transient  absorption  typically  is  orders  of  magnitude  larger  than  the 
permanent  absorption.  The  maximum  transient  induced  attenuation  for  the  optical 
fibers  under  consideration  was  determined  from  measurements  made  by  the  various 
investigators  cited.  An  average  value  of  maximum  transient  induced  attenuation 
per  absorbed  dosage  was  calculated  from  the  measured  results  over  a range  of 
radiation  exposures.  These  average  values  are  shown  in  Table  4 for  several 
wavelengths.  Using  these  values  the  total  maximum  transient  attenuation  for 

TABLE  4 


AVERAGE  VALUES  OF  MAXIMUM  TRANSIENT  INDUCED  ATTENUATION 


DUE  TO 

RADIATION 

EXPOSURE 

IN  dB  km-1  rad' 
Wavelength 

-1 

Fiber 

0.6pm 

0. 7pm 

0.8pm 

0.9pm 

1.06pm 

Corning  5010 

60 

50 

40 

25 

18 

Corning  Low  Loss 
Type  B 

12 

6 

3.2 

1.8 

0.5 

Galileo  K2K 

60 

50 

40 

25 

18 

Schott  Vitreous  Silica 

1.2 

0.8 

0.5 

0.3 

0.3 

Crofon 

3.4 

2.0 

1.2 

0.7 

0.7 

Polystyrene 

4.3 

3.3 

3.8 

4 

5 

each  of  the  fibers  under  consideration  may  be  determined  as  a function  of 
radiation  dosage.  These  total  maximum  transient  attenuations  are  shown  for 
two  wavelengths  in  Figures  4 and  5.  Again  the  Schott  vitreous  silica  fiber 
has  the  lowest  attenuation. of  the  fibers  in  a radiation  environment.  The 
total  maximum  transient  attenuation  for  the  Schott  vitreous  silica  fiber  is 
four  orders  of  magnitude  higher  than  the  total  permanent  attenuation  at 
radiation  dose  in  the  107  to  108  range. 

The  attenuations  shown  in  Figures  2 through  5 represent  the  extremes, 
that  is,  the  maximum  attenuation  which  occurs  during  or  immediately  following 
irradiation  and  the  permanent  attenuation  which  is  reached  a relatively  long 
time  after  irradiation.  Attenuations  occurring  at  Intermediate  times  are 
also  of  interest.  The  time  dependence  of  the  induced  absorption  has  been 
measured  for  the  fibers  under  consideration  [4,5],  The  particular  example 
which  will  now  be  considered  is  the  attenuation  10  milliseconds  after  radiation 
exposure.  Values  of  transient  Induced  attenuation  per  absorbed  dosage 
calculated  from  published  measured  results  over  a range  of  radiation  exposures 
are  shown  in  Table  5 for  several  wavelengths.  Using  these  values  the  total 
attenuation  10  milliseconds  after  radiation  exposure  may  be  determined  as  a 
function  of  radiation  dosage.  These  total  attenuations  are  shown  for  two  wave- 
lengths in  Figured  6 and  7.  Even  though  the  Schott  vitreous  silica  fiber  has 
the  lowest  total  maximum  transient  attenuation  and  the  lowest  total  permanent 
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FIGURE  4.  TOTAL  MAXIMUM  TRANSIENT  ATTENUATION  VS  RADIATION  EXPOSURE  AT 
0. 7um  WAVELENGTH 
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AVERAGE  VALUES  OF  TRANSIENT  INDUCED  ATTENUATION  DUE  TO  RADIATION 
EXPOSURE  IN  dB  km-1  rad-1  10  MILLISECONDS  AFTER  EXPOSURE 


Wavelength 


Fiber 

0.6pm 

0.  7pm 

0.8pm 

0.9pm 

1.06pm 

Corning  5010 

50 

40 

30 

20 

10 

Coming  Low  Loss 
Type  B 

0.54 

0.27 

0.14 

0.08 

0.02 

Galileo  K2K 

50 

40 

30 

20 

10 

Schott  Vitreous  Silica 

0.12 

0.08 

0.05 

0.03 

0.03 

Crofon 

0.08 

0.05 

0.03 

0.02 

0.02 

Polystyrene 

0.15 

0.12 

0.13 

0.14 

0.18 

attenuation  at  high  radiation  doses  of  all  the  fibers  considered,  it  does  not 
have  the  lowest  total  attenuation  10  milliseconds  after  irradiation  since  its 
transient  effect  does  not  fall  off  as  rapidly  as  that  of  some  of  the  other 
fibers.  At  a wavelength  of  0.7pm  the  Crofon  fiber  has  the  lowest  total 
attenuation  at  high  radiation  doses  although  the  Schott  vitreous  silica  fiber 
is  not  far  behind.  At  a wavelength  of  1.06pm  the  Corning  low  Iobs,  Type  B 
fiber  has  the  lowest  overall  total  attenuation  10  milliseconds  after  irradia- 
tion. The  attenuation  of  the  Crofon  fiber  matches  that  of  the  Corning  low 
loss.  Type  B fiber  at  high  radiation  exposure.  Again  the  Schott  vitreous 
silica  fiber  is  not  far  behind  in  this  exposure  region. 

At  sufficiently  high  optical  power  densities  the  attenuation  coefficient 
of  optical  fiber 'may  become  dependent  upon  input  power  density  due  to  backward- 
directed,  stimulated  Raman  and  Brillouin  scattering.  This  dependence  has  been 
investigated  by  Crow  [10].  Using  a pulsed  neodymium-glass  laser  with  a pulse- 
width  of  1.2  milliseconds'  and  a multimode  energy  of  9 joules  as  the  source  to 
introduce  optical  energy  into  a Corning  low  loss,  multimode  fiber,  measurements 
of  attenuation  were  made  with  input  power  densities  up  to  44  MW/cm2.  The 
attenuation  coefficient  of  the  fiber  was  found  to  be  independent  of  input  power 
density  over  the  range  measured.  It  will  therefore  be  assumed  in  this  investi- 
gation that  the  attenuation  coefficient  is  independent  of  the  input  power 
density  used. 


COUPLING  LOSSES 


In  addition  to  the  attenuation  within  an  optical  fiber,  losses  occur  in 
coupling  the  source  to  the  fiber  and  the  fiber  to  the  explosive  material.  The 
basic  coupling  loss  mechanisms  are  area  mismatch,  angular  mismatch,  packing 
fraction  losses,  and  reflection  losses.  Area  mismatch  occurs  when  the  area  of 
the  source  is  larger  than  the  optical  fiber  bundle  area  and  when  the  area  of 
the  bundle  is  larger  than  the  area  of  the  explosion- initiation  area.  It  also 
occurs  when  there  is  translational  misalignment  between  components.  Angular 
mismatch  occurs  when  the  acceptance  angle  of  the  fiber  is  smaller  than  the 


I 


t 
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emission  angle  of  the  source.  It  can  also  occur  when  the  components  are 
misaligned  axially.  Area  and  angular  relationships  can  be  traded  with  the 
use  of  lens  systems.  The  best  possible  coupling  due  to  area  and  angular 
relations  Cciti  b 6 determined  from  the  conservation  of  radiance  which  yields 
the  relationship 


Pb  “ Ps 


Ab  ft  b 
Ag  ft  s 


(1) 


where  Pb  is  the  power  that  may  be  coupled  into  the  fiber  bundle,  Pg  tbe  power 
output  of  the  source,  Ag  and  Ab  are  the  areas  of  the  source  and  fiber  bundle 
respectively,  ft b is  the  solid  angle  of  acceptance  at  the  fiber  bundle,  and  fts 
is  the  solid  angular  spread  of  the  source.  This  is  limited,  of  course,  by  the 
conservation  of  energy,  so  that 


Pb  < Ps  (2) 

The  packing  fraction  is  the  ratio  of  the  core  areas  of  the  fiber  bundle  to 
the  total  area  of  the  bundle.  This  takes  into  account  light  incident  on  the 
fiber  cladding  and  light  incident  on  the  spate  between  the  fibers  which  is 
therefore  not  coupled  into  the  fibers  but  is  instead  lost.  Reflection  loss  is 
due  to  the  difference  in  the  indices  of  refraction  between  propagation  media. 
This  can  be  reduced  to  some  extent  with  the  use  of  index  matching  material,  but 
for  this  application  the  small  improvement  does  not  justify  the  additional 
effort  and  cost. 


Lenses  will  be  utilized  at  both  the  input  and  the  output  of  the  optical 
fiber  in  such  a way  as  to  minimize  the  coupling  loss  due  to  the  area  and  angular 
relationships.  The  reflectance  of  the  lenses  will  be  taken  into  account.  The 
reflectance  per  lens  surface  is  0.04  which  when  converted  to  decibels  becomes 
a loss  of  0.18  dB  per  surface  or  0.36  dB  for  each  lens  used.  The  total  input 
and  output  coupling  loss,  including  the  reflectance  of  the  lenses,  is  shown  for 
each  fiber  bundle  under  consideration  in  Table  6.  The  source  is  considered  to 
be  a solid-state  laser  of  the  type  discussed  with  an  output  beam  10  mm  in 
diameter  with  a beam  divergence  of  5 milliradians.  The  fibers  are  packaged  in 
bundles  as  indicated  in  the  table. 


TABLE  6 


1 

TOTAL 

COUPLING  LOSS 

Total 

Fiber 

Fiber  Bundle 

Coupling  ' 

J 1 

Corning  5010 

45  mil  dia. 

2.7  dB 

Corning  Low  Loss 

19  fiber 

6.8  dB 

4 I 

Type  R 

1 

Galileo  K2K 

45  mil  dia. 

2.3  dB 

V 

Schott  Vitreous  Silica 

1 mm  dia. 

3.3  dB 

1 

Crofon 

1 fiber 

1.6  dB 

* 

Polystyrene 

62  mil  dia. 

1.9  dB 

I 

' 
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FIGURE  7.  TOTAL  ATTENUATION  10  MSEC  AFTER  IRRADIATION  VS  RADIATION 
. EXPOSURE  AT  1.06pm  WAVELENGTH 


OVERALL  SYSTEM 


I 

I 

In  looking  at  the  overall  system,  consideration  will  first  be  given  to 
the  system  which  is  not  exposed  to  radiation.  The  total  attenuation  in  the 

I system  is  due  to  the  intrinsic  attenuation  of  the  fibers  and  the  coupling  loss. 

The  Corning  low  loss  fiber  has  the  lowest  intrinsic  attenuation  but  also  the 
highest  coupling  loss  of  the  fibers  under  consideration.  Figures  8 and  9 show 
the  total  system  loss  versus  length  for  two  wavelengths.  At  the  0.7pm  wave- 
length various  fibers  exhibit  the  lowest  total  system  loss  at  various  lengths. 
For  lengths  less  than  2 meters,  the  Crofon  fiber  system  has  the  lowest  total 
loss.  For  lengths  between  2 meters  and  12  meters  the  Galileo  fiber  system 
has  the  lowest  total  loss.  For  lengths  between  12  meters  and  15  meters  the 
Schott  vitreous  silica  fiber  system  has  the  lowest  total  loss.  For  lengths 
greater  than  15  meters  the  Corning  low  loss  fiber  system  has  the  lowest  total 
loss  of  the  fiber  systems  considered.  At  the  1.06pm  wavelength  the  system 
employing  the  Galileo  fiber  exhibits  the  lowest  total  loss  for  lengths  less 
than  12  meters,  while  for  longer  lengths  the  Corning  low  loss  fiber  system 
has  the  lowest  total  loss. 

The  maximum  length  of  optical  fiber  which  may  be  utilized  for  a specified 
source  energy  can  be  determined.  As  mentioned  previously,  available  laser 
sources  with  output  pulse  energy  in  the  1 to  100  joule  region  may  be  utilized 
for  this  application.  As  a specific  example  a laser  with  a 10  joule  output 
pulse  will  be  considered.  In  decibels  this  energy  may  be  expressed  as  10  dBJ 
or  10  dB  above  1 joule,  that  is 

Energy  in  dBJ  = 10  log  (3) 

The  energy  required  for  initiation  of  explosion  is  0.01  joule  or  -20  dBJ. 

This  allows  a maximum  system  loss  of  30  dB.  Deducting  the  coupling  loss  for 
each  case  shown  in  Table  6 and  using  the  intrinsic  attenuation  of  the  fibers 
shown  in  Table  2 fof  wavelengths  of  0.7pra  and  1.06pm  yields  the  maximum  fiber 
lengths  shown  in  Table  7. 

TABLE  7 


MAXIMUM  FIBER  LENGTH  FOR  A 10  JOULE  SOURCE  PULSE 
AND  NO  RADIATION  EXPOSURE 


Maximum  Length  in  Meters 


Fiber 

0.7pm  Wavelength 

1.06um  Wavelength 

Corning  5010 

21 

25 

Corning  Low  Loss 

1160 

1160 

Galileo  K2K 

79 

69 

Schott  Vitreous  Silica 

103 

51 

Crofon 

41 

9.5 

Polystyrene 

19 

9.4 
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SYSTEM  LOSS,  dB 
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When  the  system  is  exposed  to  radiation  the  maximum  fiber  length  over 
which  the  laser  pulse  can  propagate  and  still  deliver  sufficient  energy  for 
initiation  of  explosion  decreases.  The  transient  effects  are  much  more  severe 
than  the  permanent  effects.  The  permanent  effect  on  the  laser  is  a reduction 
of  output  energy  for  radiation  doses  above  104  rads  to  approximately  95  percent 
of  that  before  irradiation.  The  fiber  attenuation  reaches  its  total  permanent 
value  as  shown  in  Figures  2 and  3 for  the  two  wavelengths  under  consideration. 
The  maximum  fiber  length  that  can  be  utilized  for  initiation  of  explosion  is 
shown  in  Figures  10  and  11  as  functions  of  radiation  dose  for  the  two  wave- 
lengths. At  both  wavelengths  the  Corning  low  loss  fiber  yields  the  longest 
maximum  length  at  low  radiation  doses  while  the  Schott  vitreous  silica  yields 
the  longest  maximum  length  at  high  radiation  doses.  These  results  show  that 
on  optical  fiber  explosion- initiation  system  is  still  feasible  after  the 
system  has  been  exposed  to  radiation  in  applications  where  sufficient  time 
lapses  after  the  radiation  exposure  to  allow  the  effects  to  reach  their 
permanent  values.  Such  time  durations  are  typically  several  hours. 


There  are  applications  where  initiation  of  explosion  must  occur  in  much 
shorter  times  after  exposure  to  radiation.  Such  an  application  is  the  explo- 
sion initiation  utilized  for  missile  staging.  In  this  situation  the  explosion 
initiation  normally  must  occur  within  a time  window  of  less  than  10  milli- 
seconds. Due  to  the  relatively  low  pulse  repetition  rates  of  lasers  with 
sufficient  output  energy  for  this  application,  there  is  not  sufficient  time 
within  the  time  window  for  a second  pulse  to  be  initiated  if  the  first  one 
fails.  As  was  pointed  out  in  the  discussion  of  sources,  the  first  flash  of 
the  pump  lamp  following  irradiation  often  fails  to  produce  stimulated 
emission.  It  is  therefore  not  feasible  to  use  a laser  which  is  unprotected 
from  radiation  for  the  initiation  of  explosion  under  these  restrictions.  In 
order  for  the  laser  to  be  used  in  this  case,  it  must  be  protected  by  radiation 
hardening,  radiation  shielding,  or  both. 


In  a system  where  the  laser  source  is  completely  protected  from  radiation 
effects,  the  degradation  is  caused  by  the  radiation  effects  on  the  optical 
fibers.  For  this  situation  maximum  lengths  were  determined  during  the  maximum 
transient  attenuation  and  10  milliseconds  after  irradiation  at  the  two  wave- 
lengths. These  results  are  shown  in  Figures  12,  13,  14,  and  15  for  a 10  joule 
pulse  source.  During  the  maximum  transient  absorption  the  maximum  length  is 
less  than  10  meters  for  all  fibers  at  104  rads  and  less  than  1 meter  at  105 
rads  at  a wavelength  of  1.06pm.  The  lengths  at  these  radiation  doses  are  even 
shorter  at  the  0.7pm  wavelength.  The  maximum  lengths  are  somewhat  improved 
10  msec  after  irradiation.  At  the  1.06pm  wavelength  the  maximum  length  is 
approximately  10  meters  at  10s  rads  and  1 meter  at  106  rads  for  the  best 
performing  fibers.  Again  the  corresponding  lengths  are  somewhat  lower  at  the 
0.7pm  wavelength.  If  the  source  energy  is  increased  to  100  joules,  the 
maximum  fiber  length  increases  by  approximately  40  percent.  Even  with  the 
increased  source  energy  and  with  the  source  completely  radiation  protected, 
this  system  is  apparently  not  useful  at  radiation  doses  above  106  rads  if  it 
is  required  to  operate  within  10  milliseconds  after  irradiation. 
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FIGURE  9.  TOTAL  SYSTEM  LOSS  VS  LENGTH  WITH  NO  RADIATION  EXPOSURE  FOR  1.06ym  WAVELENGTH 
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EXPOSURE  USING  A- 10  JOULE  SOURCE 


EXPOSURE  USING  A 10  JOULE  SOURCE 


FIGURE  12.  MAXIMUM  FIBER  LENGTH  FOR  MAXIMUM  TRANSIENT  ATTENUATION  AT  0.7um  WAVELENGTH  USING 
10,  t'HILE  rmTRCE  


FIGURE  13.  MAXIMUM  FIBER  LENGTH  FOR  MAXIMUM  TRANSIENT  ATTENUATION  AT  1.06ym  WAVELENGTH  USING  A 
10  JOULE  SOURCE 


10000 


FIGURE  15.  MAXIMUM  FIBER  LENGTH  10  MSEC  AFTER  IRRADIATION  AT  1.06pm  WAVELENGTH  U!-  NO  A 10  JOULE  SOURCE 


CONCLUSIONS  AND  RECOMMENDATIONS 


The  use  of  lasers  and  optical  fibers  to  initiate  explosion  is  feasible 
in  an  environment  free  of  irradiation  and  in  some  cases  in  an  environment 
subject  to  irradiation.  There  are  applications,  however,  where  such  an 
approach  is  not  feasible.  In  the  radiation-free  situation  fiber  lengths  of 
over  1000  meters  may  be  implemented.  The  optimum  optical  fiber  depends  on 
the  length  of  the  fiber  and  the  wavelength  of  the  source.  Solid-state  lasers 
such  as  neodymium-glass  and  neodymium-Yag  lasers  operating  at  1.06ym  and  ruby 
lasers  operating  at  0.6943um  provide  pulse  energy  sufficient  for  this  applica- 
tion, while  semiconductor  lasers  lack  sufficient  pulse  energy. 

In  a radiation  environment  the  Schott  vitreous  silica  fiber  is  the  best 
overall  choice  of  fibers  due  to  its  low  permanent-induced  absorption  and  its 
relatively  low  maximum  transient-induced  absorption  due  to  radiation  compared 
to  the  other  fibers  considered.  The  transient-induced  absorption  is  consider- 
ably higher  than  the  permanent-induced  absorption.  The  optical  fiber  explosion- 
initiation  system  will  operate  over  distances  of  several  tens  of  meters  after 
exposure  to  radiation  doses  of  106  to  108  rads  if  the  transient  effects  are 
allowed  to  decay  leaving  only  the  permanent  effects. 

It  is  applications  where  the  system  is  subjected  to  high  radiation  doses 
and  is  required  to  operate  shortly  following  irradiation  while  the  transient 
effect  is  still  large  that  the  optical  fiber  explosion- initiation  system  no 
longer  appears  feasible.  The  laser  source  must  be  radiation  protected  through 
radiation  hardening  and  shielding  techniques  in  order  for  the  system  to 
operate  at  all.  Even  then,  the  transient-induced  absorption  limits  the  fiber 
length  over  which  sufficient  pulse  energy  to  initiate  explosion  may  be 
propagated.  These  lengths  become  too  small  to  be  of  any  use  within  10  msec 
after  exposure  to  radiation  doses  above  106  rads. 

This  approach  has  provided  a first  order  analysis  into  the  feasibility 
of  utilizing  an  optical  fiber  explosion  initiation  system  in  a radiation 
environment.  As  more  information  becomes  available  secondary  effects  may  be 
taken  into  account.  An  experimental  system  based  on  this  analysis  would  also 
be  useful.  Surface  radiation  effects  on  the  fiber  ends  have  not  been  taken 
into  account.  These  effects  may  be  of  sufficient  significance  to  cause  the 
coupling  loss  to  increase  with  radiation  dosage.  This  would  further  decrease 
the  maximum  fiber  lengths  that  could  be  utilized. 
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ABSTRACT 


Density  and  temperature  dependence  of  the  thallium-mercury  excimer 
fluorescence  spectra  has  been  studied  for  mercury  densities  from 
3 x 10^  to  3 x 1019  Hg/cc  and  for  temperatures  ranging  from  973°K  - 
1 1 73° K.  Two  clearly  defined  regimes  in  density  dependence  are  identified. 
For  density  range  of  3 x 10^  - 1 x 1019  Hg/cc,  the  normalized  fluorescence 
intensity  varies  quadratical ly  with  mercury  density.  The  density  depen- 
dence data  of  this  quadratic  regime  gives  a molecular  formation  rate 

constant  of  about  1.4  x lCf^  cm^/sec.  For  density  range  of  1 x 10l9  - 
1 9 

3x10  Hg/cc,  the  fluorescence  intensity  increases  linearly  with  mercury 
density,  indicating  the  system  is  in  thermal  equilibrium.  Temperature 
dependence  study  of  the  fluorescence  intensity  in  this  linear  regime  at 
2.0  x 1019  Hg/cc  from  T = 973°K  to  1 1 73° K indicates  that  the  fluorescence 
intensity  varies  exponentially  as  1/T°K  as  predicted  by  quasi-static 

theory,  confirming  the  system  is  in  equilibrium  and  gives  a well-depth  of 

2 -1 
the  upper  B z ^ state  to  be  about  4000  cm  . 
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INTRODUCTION 


In  a previous  study  by  Drummond  and  Schlie^  of  the  fluorescence 
spectra  of  the  thallium-mercury  (TIHg)  excimer  system,  strong  fluorescence 

o o 

bands  were  observed  at  4590  A and  at  6560  A.  They  estimated  the  molecular 
formation  rate  and  gain  at  these  bands  and  gave  promising  operating 
conditions  for  the  TIHg  excimer  laser.  However,  since  the  study  was 
performed  at  only  one  temperature  (540°C)  and  over  a limited  density  range 
due  to  practical  limitations  imposed  on  by  the  pyrex  fluorescence  cell 
used,  no  temperature  dependence  or  detailed  density  dependence  studies  can 
be  made.  Such  studies  are  important  for  understanding  the  kinetics  and 
thermal  equilibrium  state  of  the  excimer  system,  and  for  calculation  of 
important  parameters  such  as  the  well -depths  of  the  molecular  states, 
molecular  formation  rates  and  molecular  potentials  and  hence  the  gain 
and  performance  of  the  excimer  laser.  Although  some  data  on  the  TIHg 

(2) 

molecular  spectrum  are  available  through  the  work  of  Winans  and  Pearce' 
details  of  this  work  are  apparently  unpublished  and  are  not  available  to 
us  at  this  time. 


OBJECTIVES 


Thus  the  primary  objectives  of  the  present  investigation  are  to  study 
the  pressure  dependence  of  the  fluorescence  intensity,  and  especially  to 
identify  the  linear  dependence  regime  where  the  system  is  in  equilibrium, 
and  where  meaningful  temperature  dependence  studies  can  be  made.  Using 
the  temperature  dependence  data  and  the  quasi-static  theory  of  spectral 
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(3) 

line  broadening  as  expressed  by  Kuhn  and  others'  , the  molecular 
potentials  and  well-depths  can  be  calculated.  From  the  potential 
energy  curves  for  the  excited  and  ground  state  molecules,  the  stimu- 
lated emission  coefficients  can  be  predicted^ . 


APPARATUS  AND  EXPERIMENTAL  METHODS 


The  experimental  arrangement  is  essentially  the  same  as  used  in 
(1)  with  the  exception  that  fused  quartz  cells  were  used  throughout  and 
a fluorescence  monitor  photomultiplier  was  added.  The  complete  layout 

O 

is  shown  schematically  in  Figure  1.  The  3776  A pump  radiation  from  an 
Osram  thallium  lamp  was  chopped  at  90  Hz  before  entering  the  cell,  and 
the  signal  from  the  cooled  RCA  C31034A  photomultiplier  (PMT)  was  fed 
into  a lock-in  amplifier  (PAR  124A)  and  displayed  on  a strip-chart 
recorder.  A J-Y  Optical  Systems  0.6  meter  monochromator  with  a holo- 
graphic grating  was  used  for  spectral  analysis.  The  scattered  light  of 
the  monochromator  - was  very  low  so  that  no  pre-filtering  was  necessary. 
The  spectral  response  of  the  complete  optical  system  was  determined 
using  a quartz-iodide  standard  spectral  irradiance  lamp  (ES-7501) 
supplied  by  Eppley  Lab,  Inc.  operated  at  6.5  amps.  The  non-blazed  holo- 
graphic grating  monochromator  used  in  conjunction  with  the  RCA  C31034A 

O O 

PMT  gave  a rather  flat  spectral  response  from  4000  A - 7000  A as  shown 
in  Figure  2,  allowing  fairly  accurate  corrections  to  be  made  in  the 
measured  intensities. 

The  mercury  vapor  density  was  determined  by  previously  determining 
the  total  weight  of  mercury  placed  in  the  fused  quartz  cell.  The  volume 


of  the  cell  is  obtained  by  filling  the  cell  with  methanol  and  known  to 
about  + 5%  accuracy.  The  mercury  was  99.9999%  pure  and  the  thallium 
used  was  99.95%  pure.  Samples  were  weighed  on  an  analytical  balance  to 
an  accuracy  of  0.1  mg  and  introduced  directly  into  the  cell,  which  had 
been  preheated  to  400°C  under  a vacuum  of  10~^  torr  for  one  half  hour. 

The  cell  was  then  sealed  under  vacuum.  The  main  impurity  was  probably 
thallium  oxide.  One  of  the  experimental  problems  yet  to  be  solved  is 
the  technique  of  introducing  as  little  T1  into  the  cell  as  possible  to 

O 

avoid  self  absorption  of  the  5350  A light  at  temperatures  above  650°C, 
where  all  the  fluorescence  light  tends  to  shrink  to  the  top  of  the  cell. 

A more  controlled  method  is  being  developed  to  put  just  the  right  amount 
of  T1  into  the  cell  without  strong  self-absorption. 

Before  measurement  of  fluorescence  spectrum,  it  is  important  to  be 
sure  that  all  the  mercury  has  been  evaporated.  This  was  achieved  by 

O 

monitoring  the  fluorescence  band  at  4590  A for  each  cell  (i.e.,  for  each 
filling  density)  as  the  temperature  of  the  oven  was  increased.  Initially 
when  the  mercury  was  not  entirely  evaporated,  the  fluorescence  intensity 
increased  with  temperature.  However,  as  soon  as  all  the  mercury  was 
evaporated,  the  intensity  dropped.  It  was  found  that  for  the  highest 
density  used  (3.1  X 10  atm/cc),  700°C  was  sufficient  to  evaporate  all 
the  mercury.  Hence  in  studying  density  dependence,  700°C  was  used  as 
the  operating  temperature  which  was  monitored  by  four  thermocouples. 
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RESULTS  AND  ANALYSIS 


1.  Fluorescence  Spectrum 

The  principal  features  of  the  fluorescence  spectrum  are  the  same 
as  observed  in  (1).  Readers  are  referred  to  that  work  for  details. 
Additional  features  were  observed  in  the  blue  fluorescence  band  peaked 

° IQ 

at  4590  A with  eight  oscillations  at  high  mercury  densities  (2-3  X 10 
Hg/cc).  No  additional  oscillations,  however,  were  observed  in  the  red 

O 

band  near  6560  A. 

2.  Density  Dependence  of  Fluorescence  Spectrum 

The  density  dependence  of  the  fluorescence  spectrum  was  studied  at 
700°C  for  a range  of  mercury  densities  from  3 X 10^ 8 to  3 X 10 lS  Hg/cc. 

O 

The  normalized  intensity  ratio  of  the  blue  band  with  respect  to  the  5350  A 
resonance  line  per  cm’^  corrected  for  spectral  response  is  shown  in 
Figure  3.  Two  distinct  regimes  can  be  readily  identified.  From  about 
3 X 10^®  - 1 X 10^  Hg/cc,  a quadratic  region  of  the  fluorescence  intensity 
versus  mercury  density  is  observed.  This  regime,  also  reported  in  refer- 
ence (1),  indicates  the  region  where  three-body  molecular  formation  is 

1 8 

dominant.  At  a density  of  6 X 10  Hg/cc.  the  measured  spectrum  indicates 

_3 

that  16X10  of  the  radiated  intensity  is  in  the  molecular  bands  for  the 

optically  thin  case.  Hence  the  percentage  of  atoms  bound  into  the  lower 

-3  4 

excimer  levels  are  19.4  X 10  by  taking  into  the  v dependence  of  the 

(5) 

intensity.  Assuming  an  untrapped  T1  atomic  lifetime  of  7 ns'  , the  rate 


of  molecular  formation  is  5 X 106  sec”^  and  the  molecular  formation  rate 

constant  is  1.4  X 10”^  cm6  sec"^.  Above  a density  of  1 X 10^9  Hg/cc 

a regime  where  the  fluorescence  intensity  increases  linearly  with  mercury 

density  is  observed.  The  identification  of  this  linear  regime  is  very 

important  since  this  regime  indicates  that  the  upper  lying  states  are  in 

equilibrium  with  the  free  T1  atomic  states.  Since  the  quasi-static  theory 

depends  on  this  equilibrium  assumption  to  obtain  the  potential  curves  from 

temperature  dependence  measurements,  such  measurements  are  only  useful  in 

this  linear  regime.  A comment  should  be  made  on  the  data  point  obtained 

1 ft 

at  a density  of  3 X 10  Hg/cc.  At  this  density  0.1  atm),  it  is  still 
too  high  for  the  curve  to  go  back  to  a linear  regime  where  the  bound  TlHg 
population  is  negligible,  and  where  free  T1  atoms  undergoing  binary 
collisions  with  mercury  atoms  is  dominant,  producing  free-free  emission 
which  is  linearly  proportional  to  the  mercury  density.  The  high  value  of 
this  data  point  is  probably  due  to  poor  signal -to-noise  ratio  at  relatively 
low  density  of  mercury. 

3.  Temperature  Dependence  of  Fluorescence  Spectrum 

A semi-log  plot  of  the  normalized  intensity  ratio  of  the  blue 
fluorescence  band  intensity  versus  1000/T(°K)  is  shown  in  Figure  4 for 
a temperature  range  of  973°K  to  1173°K.  It  can  be  clearly  seen  that  it 
is  a straight  line  as  predicted  by  the  Boltzmann  factor.  The  slope  of 
the  straight  line,  according  to  quasi-static  theory,  gives  a well-depth 
of  4000  cm-1  for  the  upper  state.  In  principle  the  potential  energy 
curves  can  be  obtained  from  the  temperature  dependent  spectra.  However, 


due  to  poor  signal-to-noise  ratio  (SNR)  at  high  temperatures  aDove  800°C, 
good  spectral  traces  cannot  be  obtained.  These  potential  curves  will  be 
given  in  a future  publication. 

4.  Stimulated  Emission  Coefficient  and  Gain  Estimates 

The  stimulated  emission  coefficient  may  be  calculated  using  the 
measured  spectrum  and  the  relationship  between  the  Einstein  A and  B co- 
efficients  as  reported  in  (1).  The  present  data  essentially  substantiate 
those  reported  earlier  and  therefore  will  not  be  discussed  in  detail. 
Suffice  to  mention  that  a stimulated  emission  coefficient  of  about  1%  cm 
is  obtained  at  both  the  blue  and  red  fluorescence  bands.  The  calculation 
of  gain  is  much  uncertain  because  of  lack  of  information  regarding  pro- 
duction and  destruction  processes. 

CONCLUSIONS  AND  RECOMMENDATIONS 


In  summary,  detailed  density  and  temperature  dependence  study  of  the 
TIHg  excimer  fluorescence  spectra  have  been  carried  out.  Important 
kinetic  parameters  such  as  molecular  formation  rate  constant  and  upper 
state  well-depth  are  obtained.  The  complete  potential  curves  will  be 
obtained  very  shortly. 


Needless  to  say,  the  most  important  experiment  to  be  carried  out  on 
the  TIHg  system  is  an  experimental  demonstration  of  the  lasing  action  of 
the  excimer  system.  This  work  is  being  carried  out  at  this  laboratory  bv 


* 


I 


molecular  states,  detail  theoretical  calculations  of  the  T1 Hg  system 
kinetics,  discharge  study  of  the  Til  salt  and  Hg  are  also  much  needed 
in  order  to  obtain  a better  understanding  of  the  Tl-Hg  system  and 
making  it  into  an  efficient  laser  system. 
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Figure  3. 


Spectral  Response  of  Optical  System 
Density  Dependence  of  Fluorescence  Intensity 

O 

The  co-ordinate  is  the  intensity  of  the  4590  A band 

O 

normalized  to  the  intensity  of  the  5350  A resonance 
line  per  unit  wave  number  corrected  for  the  spectral 
response  of  the  optical  system. 
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Figure  4.  Temperature  Dependence  of  Fluorescence  Intensity 
Co-ordinate  is  the  same  as  described  in  Figure  3. 


Figure  1.  Experimental  Arrangement  of  Fluorescence  Measurement 
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SIGNAL  PROCESSING  WITH 
APPLICATION  TO  OPTICS 

by 

C.  S,  Sims 


ABSTRACT 


In  this  report  fixed  configuration  filters  are  derived  which  are 
thought  to  be  applicable  to  the  area  of  image  processing.  Two  kinds  of 
filters  are  suggested.  One  type  of  filter  contains  delayed  observations, 
and  appears  to  be  particularly  well  suited  to  the  type  of  cyclostationary 
model  commonly  encountered  in  image  processing.  The  other  type  of  filter 
suggested  is  a reduced  order  filter  suitable  for  estimating  a linear 
transformation  of  a state  vector. 

The  objective  of  the  fixed  configuration  filter  design  is  to  achieve 
a practical  filter  which  will  provide  suboptimal  performance,  but  be  of  a 
relatively  simple  structure  for  ease  of  implementation.  Typically  fixed 
configuration  designs  have  been  subject  to  the  difficulty  that  one  must 
do  a large  amount  of  off  line  computation  to  realize  on  line  computational 
savings.  In  the  filters  considered  here,  both  on  and  off  line  conputa- 
tional  requirements  are  reasonable. 

In  addition  to  the  filter  simplification  work  contained  in  this 
report,  some  attention  is  also  given  to  the  area  of  sensitivity  analysis 
for  doubly  stochastic  Poisson  processes.  This  area  is  studied  because 
such  processes  are  prevalent  in  the  area  of  optics. 
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INTRODUCTION 


The  Frank  J.  Seiler  Research  Laboratory  has  been  conducting  research 
in  the  area  of  signal  processing  with  application  to  optical  processes. 
Image  enhancement  is  a topic  of  considerable  importance  within  this  area. 
There  has  been  considerable  work  in  recent  years  in  developing  recursive 
estimation  methods  for  the  processing  of  two  dimensional  images  [1-5]. 

Many  of  these  results  are  suboptimal  in  that  they  deal  with  an  averaging 
of  a cyclostationary  image  process  in  order  to  obtain  a tractable  model 
[1],  [2].  Other  results  [3],  [4]  can  lead  to  improved  performance  at  the 
cost  of  additional  complexity.  The  optimal  result  in  the  literature  is 
exceedingly  complex  as  it  assumes  a large  state  vector.  For  a typical 
image,  the  estimation  algorithm  associated  with  such  a large  state  vector 
might  be  too  conplicated  for  practical  digital  implementation.  Therefore 
a large  portion  of  this  research  has  been  directed  towards  filter  simpli- 
fication. The  purpose  of  the  research  has  been  to  develop  fixed  con- 
figuration estimators  for  image  processing  which  will  decrease  the  compu- 
tational complexity  required.  In  the  course  of  this  research,  fixed 
configuration  filters  of  reduced  order  were  developed  which  have  applica- 
tion to  other  areas  such  as  flight  systems,  in  addition  to  the  application 
to  image  processing. 

By  far  the  majority  of  research  effort  was  spent  on  the  derivation 
of  simplified  filters.  Some  attention  was  also  given  to  the  area  of 
doubly  stochastic  Poisson  processes  (DSPP) , since  this  class  of  processes 
is  prevalent  in  the  area  of  optics.  Frank  J.  Seiler  Research  Laboratory 
personnel  have  developed  an  adaptive  estimation  scheme  for  DSPP  with 
application  to  adaptive  optics.  In  order  to  help  determine  when  the 
adaptive  estimation  schemes  should  be  used,  it  was  considered  desirable 
to  develop  sensitivity  equations  for  the  analysis  of  mismatched  estimation 
structures  for  the  DSPP  problem.  The  equations  would  be  useful  in  deter- 
mining reference  sensitivity  to  erroneous  parameters  [6],  [7].  It  became 
evident  early  in  the  investigation  of  this  problem  that  a direct  approach 
to  filter  sensitivity  would  lead  to  a sensitivity  matrix  that  is  a function 
of  the  observed  data.  This  is  a severe  limitation,  since  one  would  obtain 
different  sensitivities  for  every  experiment.  The  usefulness  of  the 
result  would  therefore  be  questionable.  Consequently  alternative  defini- 
tions of  sensitivity  for  DSPP  estimation  are  suggested  in  this  report. 

In  this  report,  the  first  section  presents  a number  of  new  results 
in  fixed  configuration  linear  filtering  pertinent  to  the  area  of  image 
processing.  These  represent  the  main  contribution  of  this  research.  In 
the  second  part  of  the  report  we  indicate  problems  encountered  in  sen- 
sitivity analysis  for  DSPP  and  indicate  an  alternative  approach  to  remove 
these  difficulties. 

OBJECTIVES 

The  objectives  of  this  research  were: 


1.  To  derive  fixed  configuration  filters  suitable  for  application  to 
image  processing  problems. 

- 1 ■ -i 

2.  To  see  whether  sensitivity  analysis  could  be  achieved  for  DSPP  estima- 
tion algorithms.  ..  '■  ... 

1.  IMAGE  PROCESSING 

1.1  Modeling  [4] 

Suppose  that  we  have  a two  dimensional  scalar  valued  random  field 
f(5,n)  where  5 is  a continuous  horizontal  variable  and  n is  the  discrete 
vertical  variable.  We  assume  that  f(5,n)  is  homogeneous  with  zero  mean 
and  factorable  covariance  function 

R(S,-£2»  nj-n2)  ■ 01(5,-52)3(111-112).  (1.1) 

There  is  considerable  justification  [8-11]  for  the  above  assumption  in  the 
modeling  of  pictorial  data.  If  the  image  is  scanned  one  line  at  a time, 
the  resulting  process  is  sometimes  called  the  scalar  scanner  [3],  and  is 
defined  as 


r(t)  = f(t,0),  0 < t < T 

r(t)  = f(t-kT,k) , kT<t<(k+l)T, 

k ■ 1,2,. . . ,N-1. 


The  process  is  not  stationary,  but  is  referred  to  as  cyclostationary, 
having  zero  mean  and  covariance  function 

a( I t-T I ) e (0) , i=j 

a(|t-x- (i-j)T|)0(i-j) , i>j  (1.3) 

ix(|r-t-(j-i)T|)6(j-i) , i<j 

for  iT<t<(i+l)T  and  jT<t<(j+l)T.  Since  f is  defined  on  [0,T]x[0,N-l] , 
r is  defined  on  [0,(N-1)T].  Powell  and  Silverman  [4]  show  that  under 
certain  conditions  one  can  specify  an  output  variable,  y(t),  of  a linear 
dynamical  system  having  the  same  covariance  as  indicated  by  (1.3).  In 
particular,  if  the  covariance  a is  of  the  form 


R(t,x)  = 


T Ax I £ 1 * £ 2 I 

a(5,-52)  = C^e  ba  (1.4) 

then  a realization  of  y(t)  is  given  by 

x(t)  = Fx(t)  + gu(t),  x(iT)  = yi  (1.5) 

i = 0,1,2,. . . ,N-1 
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y(t)  “Eh..  hTx(t- (i-k)T)  (1.6) 

k=0  1,K 

iT<t<(i+l)T. 

In  (1.5)  and  (1.6),  F,  g,  and  h are  related  to  Ca,  b a in  (1.4) 

through  the  state  variable  realization  theory  associated  with  covariance 
functions  of  the  form  (1.4).  The  terms  ^ are  elements  found  from  the 
vertical  covariance  function,  i.e., 

N-l 

B(i\j)  - Ehikh.,  (1.7) 

k=0  1,K 

and 

h =0  when  m<n. 
m,n 

The  term  u(t)  in  (1.5)  is  zero  mean  white  noise  with  covariance 

F{u(t)u(i)}  = 6(t-x)  . (1.8) 

The  random  vectors  Yj  are  such  that 


where  P0  is  the  nonnegative  definite  solution  of 

FP  o + F 0PT  + ggT  - 0 (1.10) 

and  Y|  is  not  correlated  with  u(t). 

The  proof  that  y(t)  and  r(t)  have  the  same  covariance  function  is 
contained  in  [4],  The  details  of  the  modeling  procedure  can  be  found  in 
| 4 1 and  using  spectral  factorization  procedures  which  may  be  found  in 
the  references  on  that  topic  provided  in  [41.  The  following  example  may 
serve  to  clarify  matters  somewhat.  Suppose  a is  of  the  form 

a(C)  = ce'a^  (1.11) 

where  c and  a are  positive  scalar  valued  constants.  Then  the  corresponding 
power  spectral  density  is 

R (s)  - ~^t  (M2) 

a a -s 

which  may  be  realized  by  the  state  variable  model 
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X = 


- ax  + /2ac  u 
h x » x. 


(1.13) 

(1.14) 


pr  ■ Mina  ■ 


I 


I 

L 


- . 


I 
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y = 


Hence  in  this  case  F = -a,  g = /2ac,  and  h = 1,  and  these  values  may  be 
used  in  (1.5)  and  (1.6).  The  value  of  P0  can  be  found  from  (1.10)  which 
in  this  case  is 

- 2aP0  + 2ac  3 0 (1.15) 

which  of  course  gives  P0  3 c as  a solution. 

1.2  A Fixed  Configuration  Filter 

It  is  noted  that  (1.5)  and  (1.6)  do  not  give  a Markov  realization. 
Therefore  if  the  scan  signal  r(t)  and  y(t)  are  considered  equivalent,  and 
are  corrupted  by  white  noise,  one  cannot  use  Kalman  Filtering  to  get  an 
estimate,  f (t) . It  is  pointed  out  in  [4]  that  one  may  obtain  a Markov 
realization  and  use  Kalman  filtering  if  a vector  scan  is  used  instead  of 
a scalar  scan,  but  then  the  dimensionality  of  the  state  vector  may  be 
very  large.  We  consider  an  alternative  fixed  configuration  procedure 
to  provide  a relatively  simple  filter. 

Consider  a received  signal 

z(t)  » r(t)  + v(t)  (1.16) 

which  is  considered  to  be  equivalent  to 

z(t)  = y(t)  + v(t)  (1.17) 

where  v(t)  is  zero  mean  white  noise  with  covariance 

R{v(t)v(f)}  3 Ry  <S(t-T).  (1.18) 

We  form  the  estimate 

i 

r(t)  = y(t)  = ]£  h.  .hTx(t-(i-k)T)  (1.19) 

k=0  1,K 

where  x(t)  is  generated  from  the  filter  structure 

. i 

x(t)  3 F,(t)x(t)  + 2 K.(t)z(t-jT)  (1.20) 

j=0  J 

which  is  used  when  iT<t<(i+l)T,  i.e.,  when  the  filter  is  processing  the 
ith  row.  The  motivation  for  using  (1.20)  is  that  the  observations  them- 
selves have  delays  in  them,  so  it  seems  reasonable  to  design  a filter 
with  delayed  driving  terms. 
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The  error,  e(t)  is  defined  as 


■L 

e(t)  A y (t)  - y(t)  - £ h.  . hTx(t-(i-k)T)  (1.21) 

v-n  1»K  ' ' 


x (t- (i-k)T)  - x(t-(i-k)T)  - x(t-(i-k)T). 


(1.22) 


In  order  to  keep  the  error  e well  behaved,  it  is  therefore  sufficient  to 
consider  the  state  error  x.  We  require  that  the  state  error  x(t)  have  an 
unbiased  property,  i.e., 

E(x(t)}  =0.  (1.23) 

In  achieving  (1.23)  it  is  convenient  to  consider  the  differential 
equation  for  the  error.  If  we  are  operating  on  line  i then  from  (1.5)  and 
(1.20), 


x 3 x - x = Fx 


+ gu  - F0x  - 2 K.z(t-jT)  (1.24) 

j-0  J 


where  the  unspecified  arguments  in  the  above  and  subsequent  equations  are 
at  a time  t.  It  is  noted  that  (1.24)  may  be  written  as 


x = Fx  + gu  - F„x  - £ K.v(t-jT) 

•i=n  J 


i-k 


-E  g x(t-a-k)T).  C1.2S) 

A ^ 

Substituting  for  x noting  that  x * x-x,  and  grouping  terms  involving  x(t) , 
wc  obtain 

X x (F  - Fo  - Kohi  ihT)x  + F0x  + gu 
‘ ’ ^1  I-  i-k 

- Lj  K.v(t-jT)  - £ £ K.h.  . ,hT  x(t- (i-k)T).  (1.26) 

j-0  J k=0  jSO  J 1_J»k  ' ' 


If  we  select  the  matrix  F0  such  that 


I‘n  - F - Knh.  V 


(1.27) 


and  also  require  that 


j j\ 

iC  khT  = 0 » k=0,l , * • • , i - 1 

j=0  J 1 J,K 


(1.28) 


28-8 


then  (1.26)  simplifies  to 


x = (F-K0h.  -hT)x  + gu  - ^ K.v(t-jT) . 
1,1  j-0  J 

(1.29) 

From  (1.29), 

it  is  clear  that 

^E(x(t)}  * (F-K0(t)hi(ihT)E(x(t)}. 

(1.30) 

Hence  if 

E{x(iT) } = 0 

(1.31) 

then 

E{x(t) } = 0 , iT<t<(i+l)T. 

(1.32) 

Since  (1.32) 
The  solution 
form 

is  a desired  property  of  the  filter,  we  investigate  (1.28). 
for  all  the  gains  in  terms  of  K0  can  be  seen  to  be  of  the 

Kj  = AjK„  ; j=l,2,...,i  (1.33) 

where  the  sequence  of  scalars  {A.}  can  be  computed  recursively  from  the 
relationship  ^ 


Xj  " '[hi-j,i-j]  ^ \hi-k,i-j 


(1.34) 


It  is  assumed  that  Ao  = 1 in  using  (1.34).  In  view  of  the  above  result 
(1.33),  it  is  seen  that  (1.29)  can  be  written  as 


where 

x = (F-K0h.(.h 

^ . r 

T)x  ♦ gu 

1 

A “ V^.-.A. 

and 

A A 

mi 

'v(t) 

v(t-T) 

V*(t)  A 

• 

• 

• 

_v(t-iT)_ 

The  tern  A*V*  is  equivalent  to  a single  input 

Va(t)  = A*V*(t) 


with  zero  mean,  and  covariance 

Ii}va(t)Va(T)  j - Ra6(t-x) 

where 

Ra  - A«TaX  - (gvjv 


(1.35) 

(1.36) 

(1-37) 

(1.38) 

(1.39) 

(1.40) 


- 
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The  only  quality  that  remains  free  at  this  point  is  the  gain  K0.  If  Ko(t) 
is  to  minimize  the  mean  square  error 

EjxT(t)x(t)j  = tr[p(t)]  (1.41) 

where  P(t)  is  the  error  covariance  matrix,  then  it  is  not  difficult  to 
show  that  it  should  be  selected  according  to 

K0(t)  = p(t)hi>ihRa1  (1.42) 

where 

P = (F-K0hi>;ihT)p  + P(F-K0hi>;LhT)T  + ggT  ♦ Ph^hR'VV  (1.43) 
and  where 

P(iT)  > P0.  (1.44) 

The  steps  involved  in  obtaining  the  above  equations  for  K0  are  similar  to 
those  found  in  [121.  From  (1.27)  and  (1.33),  it  is  seen  that  our  filter 
is  of  the  form  ^ 

x = Fx  + K0  z(t)  -h.  .hTi(t)  + £ A.z(t-jT)  (1.45) 

L 1,1  3*1  J J 

which  operates  on  the  i^  line  of  data.  The  initial  condition  for  (1.45) 
may  be  found  from  requirement  (1.31),  i.e., 

x(iT)  = E(x(iT)>  = 0.  (1.46) 

The  fixed  configuration  filter  is  established,  and  it  is  appropriate  to 
discuss  its  operation. 

A new  filter  is  designed,  initialized,  and  operated  for  every  line 
of  data  to  be  scanned.  On  line  zero  it  is  just  a Kalman  filter  since  i * 0 
and  there  are  no  delayed  observations.  The  size  of  A*  grows  as  the  index 
of  the  line  you  are  on  grows.  A new  A*  is  calculated  for  every  line. 

Since  you  are  scanning  from  left  to  right,  the  estimate  is  influenced  only 
by  data  in  the  rectangular  region  to  the  left  and  above  the  estimation 
point.  Fcr  this  reason,  it  might  be  appropriate  to  scan  and  filter  from 
a different  direction  and  take  the  average  of  the  two  estimates  [2].  If 
the  dimensionality  of  your  state  vector  is  n and  the  number  of  lines  is  N, 
then  the  procedure  discussed  herein  requires  you  to  use  N filters  each  of 
dimension  n.  The  optimal  procedure  [4]  requires  one  filter  of  dimension 
Nn.  It  is  much  easier  to  design  and  process  with  a large  number  of  small 
order  filters  than  with  one  very  high  order  filter. 

1.3  Reduced  Order  Filtering 

If  one  uses  the  vector  scan  method  of  image  processing  [3],  [4],  one 
can  obtain  a Markov  realization  to  model  the  process.  The  dimension  of 
the  model,  and  the  corresponding  Kalman  filter  is  large.  In  this  section 
we  therefore  seek  to  design  a reduced  order  filtering  scheme  applicable 
when  it  is  desired  to  estimate  a linear  transformation  of  a state  vector 
which  is  of  much  smaller  order  than  the  state  vector  itself.  Since  the 
approach  here  is  radically  different  than  that  of  the  previous  section, 


I 

I 

I 
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and  since  its  application  goes  considerably  beyond  image  processing,  we  do 
not  attempt  to  use  the  same  notation  in  this  section  as  in  the  previous 
section.  The  state  model  and  observation  model  are  of  greater  generality. 

The  problem  of  optimal  linear  filtering  has  been  examined  from  many 
viewpoints,  including  treatment  within  a control  theoretic  framework  [12], 

[13] .  Here  we  wish  to  address  the  problem  of  estimating  a linear  trans- 
formation of  a state  vector  using  a filter  which  may  be  of  reduced  order 
relative  to  the  dimension  of  the  state  vector.  Control  methodologies  are 
used  to  optimize  the  parameters  of  the  filter. 

Within  a deterministic  framework,  Luenberger  has  shown  that  one  may 
achieve  considerable  reduction  of  complexity  in  the  state  reconstruction 
process  when  only  a linear  combination  of  the  state  variables  is  required 

[14] .  It  would  seem  that  a similar  reduction  in  complexity  should  occur 
when  the  problem  is  stochastic.  Indeed,  it  will  become  clear  that  this 
work  has  some  relationship  to  observer  theory,  especially  to  treatments 
of  observer  theory  which  consider  the  stochastic  nature  of  the  problem 

[15] . 


Although  the  primary  thrust  of  this  section  is  towards  the  reduction 
of  filter  complexity  through  order  reduction,  it  can  be  shown  that  it  is 
even  possible  to  reduce  filter  complexity  in  the  full  order  case.  This 
happens  because  for  certain  classes  of  problems,  the  Kalman  filter  is  not 
the  only  solution,  [13].  Other  estimators  can  result  in  the  same  value 
for  the  performance  measure. 


The  system  of  interest  is  a Markov  process  satisfying  a linear 
stochastic  differential  equation 

x(t)  = A(t)x(t)  + w(t).  (1-47) 

Die  observation  model  is  also  linear 

y(t)  - C(t)x(t)  + v(t) . (1.48) 

The  state  vector  x is  of  dimension  n and  the  observation  vector  y is  of 
dimension  m.  It  is  assumed  that  the  initial  value  of  the  state  vector, 
x(t0),  is  uncorrelated  with  the  plant  noise,  w(t) , and  the  measurement 
noise,  v(t).  The  noise  processes  are  zero  mean  white  processes,  uncor- 
rclated  with  each  other,  having  covariance  matrices 


Ejw(t)w  (t) 

hjv(t) vT(t) | 
Initially,  the  state  of  the  system 

V.  x(t 
Var  x ( t 


Q(t)«(t~r) 

R(t)S(t-r). 
mean  and  variance 
3 VJ0 
= Po- 


(1.49) 


(1.50) 


1 


The  problem  is  to  estimate  a linear  transformation  of  the  state 
vector 
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z(t)  * N(t)x(t)  (1.! 

where  z is  of  dimension  l<n,  and  presumably  the  l*n  matrix,  N(t),  is 
selected  to  indicate  the  part  of  the  system  which  is  of  primary  concern 
The  filter  to  be  optimized  is  of  the  form 

2(t)  = F(t)z(t)  + K(t)y(t)  ♦ g(t)  (1.! 

where  z is  of  dimension  t.  The  error,  e(t),  is  defined  as 


The  deterministic  vector,  g(t),  and  the  filter  initial  condition  z(t0) 
to  be  determined  so  that  the  filter  is  unbiased 

E{e(t) } = 0 Vt>t0.  (1 

Note  that  we  do  not  require  conditional  unbiasedness  which  is  a much 
stronger  requirement.  The  matrices  F(t)  and  K(t)  are  then  to  be  deter 
mined  so  that  the  performance  measure 


e (t)U(t)e(t)dt  + e (tf)Se(tr) 


is  a minimum.  It  is  assumed  that  the  weighting  matrix  S is  positive 
definite.  The  weighting  matrix  U(t)  is  critical  to  the  problem  formula- 
tion, as  we  obtain  different  results  depending  upon  whether  this  matrix 
is  positive  definite  or  zero.  It  can  make  sense  to  have  U(t)  be  zero, 
when  the  only  time  of  real  importance  is  the  final  time.  Indeed  when  U(t) 
is  zero,  it  will  be  seen  that  performance  does  not  depend  on  F(t). 

We  shall  first  examine  the  requirements  for  unbiasedness.  By  direct 
substitution  from  (.1.47),  (1.48),  (1.51)  and  (1.52),  the  error  equation  is 
obtained  . f*  ...  ..  ... 


where  p(t)  is  the  mean  value  of  the  system  state, 

u(t)  = A(t)y(t)  ; y(t0)  = y0  (1 

then  it  is  clear  that  taking  expectation  of  (1.56)  gives  a homogeneous 
result 

^lHc(t)}  » F(t)F.{e(t) }.  (1 

Thus  if  F{e(t0)}  = 0,  equation  (1.54)  is  satisfied.  If 

z(t0)  = N(t0)u0  (1 

then 

lHe(t0)}  = b|N(t0)x(t0)  - N(t0)u0j  = 0 (1 

and  the  desired  result  follows.  Hence  (1.57)  is  the  expression  needed 
for  g(t)  and  (1.60)  specifics  the  filter  initial  condition.  Equation 
(1.56)  can  be  rewritten  as 


N+NA-FN-Kcjy 

(1.5. , 

the  system  state, 

e = [n+NA-FN-Kc]x  + Fe 
where  x = x-y  satisfies  the  linear  equation 


x + Fe  + Nw  - Kv 


x = Ax  + w. 


(1.62) 


(1.63) 


Certainly  x is  a zero  mean  process  having  initial  variance  P0.  It  is  con- 
venient to  work  with  the  second  moment  matrix  associated  with  (1.62)  and 
(1.63)  in  formulating  the  optimal  control  problem  which  will  give  the 
requirements  for  F and  K. 

The  performance  measure  (1.55)  can  be  written  as 

J = trj  jTtf  U(t)Pee(t)dt  + SPJt£)|  (1.64) 


where 


Pee(t)  = E e(t)e  (t)  . 


From  (1 ; 62)  and  (1.63),  PQe  satisfies 


where 


p = [n+na-fn-kcIp  + FP  + P ft 
ee  L J xe  ee  ee 

* Pcj,[n.NA-FN-Kc1T  * NQNT  * KRK1 
Pex(t)  . nje(t)xT(t)j  = Pxe(t)T. 


Using  (1.62)  and  (1.63),  it  is  easy  to  show  that 


= AP  + P „ 
xe  xx 


where 


[n+na-fn-kc 


T T 1 

+ PxeF  + QN 


Pxx(t)  = bjx(t)xT(t) 


whidi  satisfies  the  equation 


= AP  + P A + Q. 

XX  XX  x 


(1.65) 


(1.66) 


(1.67) 


(1.68) 


(1.69) 


(1.70) 


The  term  Pex  satisfies  the  tr;uispose  of  (1.68).  Initial  conditions  for 
(1.66),  (1.68),  and  (1.70)  arc 


‘W  ■ p. 

- w - 


(1.71) 


Pee(to) 


NttJP.N^tJ. 


The  matrix  Pxx(t)  may  be  regarded  as  a known  quantity  since  it  is  the 
solution  to  (1.70).  Die  optimization  problem  may  then  be  stated  in  a 
deterministic  way,  so  that  the  matrix  minimum  principle  is  applicable 
[16].  The  problem  is  to  minimize  (1.64)  by  properly  selecting  F and  K, 
subject  to  the  constraints  imposed  by  (1.66)  and  (1.68).  To  preserve 
symmetry  we  include  the  transpose  of  (1.68)  in  the  Hamiltonian  also. 
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The  Hamiltonian  for  this  problem  is 


The  equations  for  the  Lagrange  multiplier  matrices  are 


with  terminal  conditions 


The  matrix  Agx  is  just  the  transpose  of  Axg.  Setting  the  gradient  of  H 
with  respect  to  K equal  to  zero  gives  a necessary  condition  for  the 
optimum  gain  r . , T , 

(1.76) 


K = P + A A P C R -1 
L ex  ee  ex  xxj 

where  R and  Aee  have  been  assumed  to  be  nonsingular.  The  matrix  F presents 
a difficulty  since  it  appears  linearly  in  the  Hamiltonian.  It  is  convenient 
to  proceed  as  in  [17]  by  examining  that  part  of  the  Hamiltonian  which 
depends  explicitly  on  F,  defined  as 

II*  = tr  Jfo  + 0TFT  j (1.77) 

where  r r ^ 


Clearly  what  we  have  called  0 is  just  the  transpose  of  the  gradient  matrix 
9H/9F.  From  the  initial  conditions,  (1.71),  it  may  be  seen  that  0(to)  is 
zero.  It  is  necessary  to  examine  the  time  derivatives  of  0 to  determine 
the  possible  existence  of  a singular  arc.  Since  different  requirements 
will  be  obtained,  it  is  convenient  to  examine  0 under  different  conditions 
It  is  required  that  0(t)  equal  zero  for  all  tc[t0,trl  if  a singular  arc 
is  to  exist. 


In  this  first  case,  it  is  assumed  that  U(t)  is  zero.  Then  it  follows 
that  • r t r 

0 = F0  + OF  + K RICA.  -CP  A -CP  A . (1.79) 

L ee  xx  xe  xe  eej  v ' 

The  bracketed  term  in  (1.79)  is  zero  whenever  K(t)  is  selected  optimally, 
according  to  (1.76).  Therefore  (1.79)  becomes 

0 = F0  + 0F  (1.80) 

and  since  O(t0)  is  zero,  (1.80)  assures  us  that  0(t)  remains  zero  for  all 
te[t  , t r] , regardless  of  our  choice  of  F.  The  implications  of  this  result 


are  significant.  In  the  full  order  case  (N=I),  as  was  pointed  out  in  [13], 
the  Kalman  filter  is  just  one  solution,  i.e.,  one  of  the  optimal  linear 
filters.  This  means  that  for  final  time  estimation  problems,  one  should 
examine  other  realizations  of  the  optimum  linear  filter.  Such  realizations 
can  be  easier  to  implement  than  the  Kalman  filter. 

Probably  the  most  advantageous  property  of  this  singularity  with 
respect  to  F is  computational.  If  F is  picked  a priori,  then  one  only 
needs  to  solve  a linear  two-point  boundary-value  problem  (TPBVP) , which 
is  easy  to  do  using  linear  systems  theory.  Alternatively  one  can  use  a 
procedure  which  leads  to  a Riccati  equation  type  of  solution. 

Case  2 


In  this  case  N is  constant  but  U is  assumed  to  be  positive  definite. 
This  leads  to  an  additional  term  in  (1.80),  i.e., 

0 = F0  + 0F  - (Pee‘NPxe)u.  (1.81) 

Hence  it  is  required  that 

Pee(t)  = NPxe(t)  Vte[t0,tf]  (1.82) 

since  U is  positive  definite.  Clearly  this  cannot  be  satisfied  for 
arbitrary  F.  Thus  the  existence  of  the  singular  arc  depends  on  the  choice 
of  F in  this  case.  Defining  12, 

n 4 Pee-NPxe  (1.85) 

it  is  seen  that 

ft  = Ff2  + fiF1  + (Pex-NPxx)[NA-FN-KcJ  - kJrK^CpJ.  (1.84) 

It  is  required  that  ft(t)  equal  zero  for  all  t in  the  interval  of  interest. 
From  (1.71)  is  is  apparent  that  T2(t 0)  is  zero.  In  order  for 

ft  = Fft  + S2FT  (1.85) 

so  that  ft(t)  is  zero,  it  is  sufficient  that 

NA  - FN  - KC  = 0.  (1.86) 

This  leads  to  the  result  that 

Aex(t)  = 0 (1.87) 

so  that  the  gain  is  evaluated  as 

K(t)  = Pex(t)CT(t)R'1(t).  (1.88) 

Clearly  (1.88)  implies  that  the  last  term  in  (1.84)  is  zero,  and  we  have 
the  desired  result.  Thus  if  F can  be  chosen  so  that  (1.86)  is  satisfied, 
a singular  arc  exists,  provided  K is  selected  according  to  (1.88).  Equa- 
tion (1.82)  has  an  interesting  interpretation.  It  is  easy  to  see  that  it 
is  just  the  orthogonality  requirement  in  a reduced  space, 

lijz(t)cT(t)  j = 0. 


(1-89) 


It  must  be  made  clear  that  it  is  not  always  possible  to  satisfy  (1.86)  and 
(1.88)  simultaneously,  and  consequently  it  is  not  always  possible  to  have 
a singular  arc.  In  such  cases  the  problem  should  probably  be  reformulated 
with  bounds  on  F,  or  a suboptimal  solution  accepted. 

Case  3 


In  this  case,  N is  not  constant.  By  some  fortunate  cancellation 
(1.81)  is  still  applicable  but  (1.84)  is  not.  Equation  (1.84)  is  replaced 
by 


n 


Fn  + ftp1  + 


(Pex-NPxxl^NA-FN-Kc]  - K[wT-CPxe].  (1.90) 


It  is  clear  that  ft(t)  will  be  zero  if 

N + NA  - FN  - KC 


0. 


(1.91) 


Then  (1.87)  and  (1.88)  and  (1.89)  are  still  true.  To  be  able  to  solve 
(1.91)  for  F,  it  is  necessary  mid  sufficient  that 


The  solution  for  F is 


( N+NA-KC)N^N  = [n+NA-KC  Vteft0,tfJ. 


= [n+na-kcJn*  + r[l-NNr] 


(1.92) 


(1.93) 


At  w w *r 

where  N is  a pseudo  inverse  of  the  matrix  N,  [18].  If  NN  is  nonsingular 


F = [n+NA-Kc]nT[nNT  _1. 


(1-94) 


In  Case  1,  it  was  found  that  the  singular  arc  did  not  specify  F.  In 
Cases  2 and  3,  it  is  very  possible  that  no  F can  be  found  to  maintain  the 
singular  arc.  Therefore  it  is  appropriate  to  investigate  the  solution  to 
the  TPBVP  when  F is  specified  a priori.  It  is  observed  that  Age(t)  can 
be  precomputed  in  this  case,  and  may  be  regarded  as  a known  quantity. 
Substituting  the  expression  for  the  gain  (1.76)  in  (1.68)  and  (1.73) 
results  in  a linear  Tl’BVP  since  Pxx(t)  and  A„e(t)  are  known.  Equation 
(1.68)  becomes 


xe 


AP  + P 

XC  XX 


-P  C 

XX 


ctr'1c[i 

Equation  (1.73)  is  rewritten  as 
A 


[n+na-fn 


+ PXeF’r  + QNT 


P +P  A A 
xe  xx  xe  ee 


ll 


(1.95) 


xe 


= -ATA 


xe 


A F 

xe 


- [n+na-fnJta( 


ee 

-1 


+ ctr” 1cp  + ctr_1cp  a a 

xe  xx  xe  ee 


(1.96) 


Equations  (1.95)  and  (1.96)  are  linear  in  the  unknowns  Pxc  and  Axe.  If 
Aee  is  a scalar,  however,  things  work  out  particularly  well.  Suppose  F, 
U,  and  S are  scalar  matrices,  i.e., 


F = fl 
II  = ul 
S = si . 


(1.97) 


Then  obviously  Aee  is  a scalar  matrix  also.  We  can  thus  reposition  Ae 
and  F in  (1.95)  and  (1.96)  obtaining  the  result 


Gu  Gia 


G-J  LAxe 


(1.98) 


where 


£ A + F 


PxxCVlc 


£ - a"]p  ctr- 1cp 

ee  xx  x 


G21  A 


-UTn'l, 


(1.99) 


G22  - '[A+F-AeeCR  CPxxl 
dj  ^ pxx[n+na-fn]t  + QNT 

D2  £ -[N+NA-FN]TAee- 

With  the  given  boundary  conditions,  (1.98)  can  be  solved  directly  using 
linear  systems  theory.  Alternatively  one  can  find  a Riccati  type  solution. 
Here  we  assume  that  Axc  can  be  written  as 

V ■ “’xe*8-  d-100’ 

Then  . r.  • 

Axe  = [M+MGn+MG12M  Px(?  + MD,  + 8 + MG12B 


and 

• r 

1 

A = ( 

xe  L 

"2 l+G22MJPxe  + G2«8  + V 

(1.101) 

If  (1.100) 

and  (1.101)  arc  to 

hold  for  arbitrary  Pxe,  then 

M ♦ MG, , 

♦ MG12M  - Gai  ♦ G22M 

(1.102) 

and 

• 

8 + MDj 

+ MT,12B  - C,228  + D2. 

(1.103) 

Since  A (t^)  = 0,  the  above  equations  are  solved  backwards  in  time  from 
conditions 

M(tf)  = 0 (1.104) 

and 

B(tf)  - 0.  (1.105) 


Solving  the  Riccati  equation  (1.102)  and  the  equation  for  8 must  be  done 
off  line,  as  in  a linear  regulator  problem,  since  the  result  is  to  be 
obtained  by  backward  integration.  The  forward  equation  for  Pxe  is 
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(1.106) 


(Gn*  g.,m)p„ 


G 8 
12^ 


+ D. 


which  is  solved  from  the  appropriate  initial  condition  either  on  line  or 
off  line  depending  on  computer  requirement.  The  gain  to  be  used  in  the 
filter  is  then 


K 


[rl  * AeoKe*B)Tpxx] 


cVl. 


(1.107) 


The  results  presented  when  F is  specified  a priori  are  suboptimal  in 
general,  and  optimal  in  the  situation  referred  to  as  Case  1. 


In  this  section,  we  have  presented  some  relatively  simple  realizations 
of  optimal  and  suboptimal  estimates  of  linear  transformations  of  state 
vectors.  These  reduced  order  and  full  order  filters  are  thought  to  be 
especially  important  because  of  both  on  and  off  line  computational  con- 
veniences. The  results  should  be  applicable  in  many  areas  besides  image 
processing. 


2 . SENSITIVITY  ANALYSIS 

The  other  area  that  we  sought  to  investigate  was  sensitivity  analysis 
for  DSPP  estimation  algorithms.  In  the  area  of  linear  estimation  theory, 
large  scale  sensitivity  analysis  has  been  developed  using  the  matrix 
definition  of  sensitivity 

ri<«  ' [W«  ' '2-» 

That  is,  the  sensitivity  matrix  is  defined  as  the  difference  between  the 
true  error  covariance  matrix,  and  the  error  covariance  matrix  based  on 
assumed  parameter  values  over  the  difference  between  a true  and  an  assumed 
parameter  value.  The  equations  for  calculating  (2.1)  are  presented  in 
Sage  and  Mels a [6] . 

For  DSPP  problems,  if  one  tries  to  use  the  definition  given  in  (2.1), 
the  problem  of  calculating  the  true  and  assumed  error  covariance  matrices 
becomes  mathematically  untractable.  On  the  other  hand,  if  one  uses  con- 
ditional error  covariance  matrices  in  the  sensitivity  definition,  it 
appears  that  one  can  get  some  approximations  to  the  error  covariance 
matrices.  We  did  not  pursue  this  approach  because  even  in  the  case  of 
correctly  assumed  parameters,  Snyder's  approximate  error  covariance 
equations  couple  in  to  the  observed  data  [191. 

There  is  an  alternative  approach  which  avoids  the  above  mentioned 
difficulties.  One  can  redefine  the  sensitivity  matrix  as  the  difference 
in  a lower  bound  matrix,  Z,  over  the  parameter  difference  in  a way  that 
is  analogous  to  (2.1).  The  matrix  Z under  certain  rather  general 
conditions  [19),  satisfies 

£ = A £ + £ AT  + BBT  - EfZ  (2.2) 

and  is  precomputable.  In  (2.2),  P is  defined  as 
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P S EX 


■‘w  [i]  [i]1 


(2.3) 


where  X,  the  intensity  of  the  DSPP,  is  a function  of  a random  state  vector, 
x,  and  x satisfies 

dx  = Axdt  + Bdw  (2.4) 

where  w is  a Wiener  process.  The  relationship  between  (2.2)  and  the 
optimum  linear  filtering  problem  is  clear,  and  is  explained  in  [19].  It 
therefore  appears  that  one  should  be  able  to  apply  the  sensitivity 
algorithms  of  Sage  {6]  with  little  modification.  The  sensitivities  are 
then  interpreted  in  terms  of  lower  bound  sensitivity  instead  of  error 
covariance  sensitivities.  There  is  one  case  in  which  the  sensitivity 
results  described  here  can  be  interpreted  in  terms  of  the  sensitivity 
of  the  error  covariance  matrix.  In  the  case  that  X is  a linear  function 

Of  X rp 


X = E{X)  + C1 


(2.5) 


and  the  optimal  linear  filter  ([19], pg.  321)  is  used  to  obtain  the  estimate 
x,  then  P is  replaced  by  * it 

P =*  CE'1(X)C1  (2.6) 

and  Z is  the  true  error  covariance  matrix,  i.e., 

,T ! - (2.7) 

holds  with  equality.  In  general,  the  usefulness  of  the  results  presented 
here  depend  to  a considerable  extent  on  how  tight  a bound  E(t)  is  to  the 
error  covariance  matrix.  There  is  also  some  question  regarding  whether 
it  is  allowable  to  use  Sage's  sensitivity  results  for  linear  filtering 
based  on  the  fact  that  (2.2)  corresponds  to  a linear  filtering  problem. 


Ej[x(t)-x(t)][x(t)-x(t)r  j 1 L(t) 


CONCLUSIONS  AND  RECOMMENDATIONS 

With  regard  to  sensitivity  analysis  for  DSPP,  it  is  difficult  to 
evaluate  the  utility  of  the  suggested  approach  at  this  time.  It  appears 
that  an  appropriate  means  of  evaluating  the  lower  bound  method  would  be 
to  use  Monte  Carlo  simulation  to  see  whether  the  lower  bound  is  tight  and 
whether  the  analytical  sensitivities  correspond  to  experimental 
sensitivities. 


!i 


It  appears  that  fixed  configuration  filtering  has  a definite  role  in 
the  area  of  recursive  filtering  as  it  applies  to  image  processing.  In 
this  area,  filter  simplification  is  of  considerable  importance  because 
the  dimensionality  of  the  state  vector  associated  with  two  dimensional 
images  is  very  large.  In  this  report  we  have  derived  the  basic  algorithms 
in  a continuous  form.  It  is  also  desirable  to  have  discrete  versions  of 
these  estimation  methods.  These  algorithms  have  not  been  tested  and  com- 
pared with  other  approaches.  Therefore  it  is  recommended  that  they  should 
be  compared  with  other  approaches  from  the  viewpoint  of  performance,  and 
with  respect  to  the  number  of  required  calculations.  It  would  be  interest 
ing  to  test  the  signal  processing  capabilities  of  these  estimation  methods 
on  actual  images. 
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SYNTHESIS  OF  NEW  NITROALIPHATIC  COMPOUNDS 
AND 

THERMAL  DECOMPOSITION  MECHANISMS  OF  POLYCYCLIC  TRIAZOLINE  COMPOUNDS 

by 

William  D.  Closson 


ABSTRACT 


New  classes  of  energetic  compounds  for  use  in  explosive  fills,  solid 
rocket  propellants,  etc. , are  of  considerable  interest  for  the  following 
reasons:  increasing  energy  content  and  thermal  and  mechanical  stability, 

and  for  possible  replacement  of  nonenergetic  binders,  plasticizers,  and 
crosslinking  agents  currently  in  use  in  these  areas. 

Compounds  containing  the  acetylenic  functional  group  as  well  as  nitro 
and  fluoro  groups  would  be  of  interest  since  the  triple  bond  not  only  in- 
creases the  energy  content  but  frequently  increases  the  thermal  stability 
of  molecules  in  which  it  is  present.  It  also  allows  further  modification  of 
the  compound  through  facile  addition  and  coupling  reactions  characteristic 
of  the  acetylenic  group.  Many  attempts  to  synthesize  one  class  of  such 
compounds  through  SN2  reactions  of  acetylide  salts  with  2-fluoro-2,2-dinitro- 
ethyl  derivatives  failed  but  a general  method  for  preparing  the  addition- 
elimination  products  (I)  in  reasonable  yield  was  achieved.  This  is  the 
first  example  of  this  type  of  reaction  in  polynitroaliphatic  chemistry. 

The  dimer  of  allyl  azide  (II)  is  a shock  insensitive  material  of 
considerable  energy  content.  At  about  180°  it  undergoes  an  exothermic,  first 
order,  decomposition.  (Samples  larger  than  a few  milligrams  frequently 
detonate  at  or  below  this  temperaturo.)  The  kinetic  parameters  of  this 
thermal  decomposition  are  in  the  process  of  being  determined  and  the  products 
have  been  partly  identified  through  mass  spectroscopy.  The  aromatic  analog 
of  II  (III)  would  very  likely  be  more  stable  and  more  readily  capable  of 
further  structural  modification.  Two  approaches  to  its  preparation  failed. 
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INTRODUCTION 


The  Energetic  Materials  Chemistry  Division  of  the  Frank  J.  Seiler 
Research  Laboratory  (AFSC)  (USAF  Academy)  maintains  an  active  program  of 
research  on  the  preparation  and  properties  of  energetic  materials  that 
either  are,  or  may  be,  used  for  explosive  fills,  solid  rocket  propellants, 
and  related  purposes.  One  of  the  more  important  goals  of  this  program  is 
to  design  and  prepare  new  classes  of  energetic  compounds  that  either  have  a 
greater  energy  content  or  superior  stability  (particularly  thermal)  than  those 
currently  in  use.  Another  important  goal  is  the  development  of  energetic 
materials  that  could  replace  nonenergetic  binders,  plasticizers,  and  cross- 
linking  agents  currently  used  in  the  preparation  of  solid  rocket  propellants, 
etc.  A third  goal,  or  important  area  of  research,  is  to  achieve  a thorough 
understanding  of  how  energetic  compounds  undergo  thermal  degradation  and  to 
determine  the  products  of  such  degradation.  Thermal  degradation  is  a serious 
problem  with  respect  to  explosive  fills  and  solid  propellants  since  it  not 
only  impairs  the  performance  of  such  devices  in  energy  terms,  but  also  often 
creates  corrosion  problems  and  defects  in  structural  stability  of  solid 
charges.  Understanding  the  mechanism  of  these  thermal  decompositions  is  the 
first  necessary  step  in  either  designing  superior  energetic  materials  or 
developing  additives  that  will  improve  the  thermal  performance  of  current 
materials . 

This  report  documents  efforts  involved  on  three  separate  projects  in 
these  areas.  These  were:  1)  Synthesis  of  new  nitroaliphatic  compounds  con- 

taining acetylenic  groups.  2)  A study  of  the  thermal  decomposition  of  the 
dimer  of  allyl  azide  and  synthetic  approaches  to  an  aromatized  analog  of 
this  compound.  3)  Synthesis  of  N,N-bimaleimidyl , a potential  crosslinking 
agent  that  should  possess  considerable  stability. 

OBJECTIVES 


1.  Development  of  a general  synthesis  of  nitroaliphatic  compounds  con- 
taining acetylenic  groups. 

2.  Determination  of  the  mechanism  of  thermal  decomposition  of  allyl 
azide  dimer  and  identification  of  its  decomposition  products; 
preparation  of  the  aromatic  analog  of  allyl  azide  dimer. 

3.  Preparation  of  N,N-bimaleimidyl . 

1.  SYNTHESIS  OF  NEW  NITROALIPHATIC  COMPOUNDS 
CONTAINING  ACETYLENIC  GROUPS 


Compounds  containing  the  acetylenic  functional  group  as  well  as  nitro 
and  fluoro  groups  would  be  of  considerable  interest  since  the  triple  bond 
not  only  increases  the  energy  content  of  molecules  but  also  often  increases 
the  melting  point  and  thermal  stability  as  well.  It  also  allows  further 
modification  through  facile  electrophilic  addition  and  coupling  reactions 
characteristic  of  the  acetylenic  group.  Finally,  the  triple  bond  itself,  or 
a carbon-carbon  double  bond  easily  derived  from  it,  can  serve  as  the  locus 
for  many  types  of  polymerization  reactions. 
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The  simplest  approach  to  preparation  of  this  class  of  compounds  would 
be  a nucleophilic  displacement  reaction  between  acetylide  anions  (IV)  and 
suitable  derivatives  of  the  readily  available,  highly  nitrated  alcohols, 
2-fluoro-2, 2-dinitroethanol  (V),  2,2,2-trinitroethanol  (VI),  and  2,2-dinitro- 
1-propanol  (VII).  This  approach,  however,  is  fraught  with  two  very  serious 
problems.  One  is  that  all  of  the  starting  alcohols  have  two  or  more  large 
and  very  electronegative  substituents  on  the  6-carbon.  This  seriously  in- 
hibits SN2  displacements  through  both  steric  (as  in  the  well  known  case  of 
the  neopentyl  system)  and  field  effects.  A well  known  case  where  the  com- 
bination of  the^e  effects  almost  totally  inhibits  reaction  is  that  of  a-halo- 
sulfones  (VIII).  Indeed,  the  benzenesulfonate  derivative  of  VII  has  been  ^ 
described  as  being  inert  toward  chloride  or  acetate  ion  in  boiling  ethanol. 
Secondly,  the  nitro  groups  may  interfere  directly,  either  through  direct 
attack  of  the  nucleophile  on  one  of  the  nitro  groups  yielding  a nitro-stabilized 
carbanion  (eq.l),  or  by  inducing  6-elimination  of  nitrite  ion  (eq.2).  How- 
ever, recent  Reports  that  sulfones  substituted  at^the  a-position  with  either 
diazonium  ion*  (Vlllb)  or  triflate  (VIIIc)  groups^  undergo  smooth  substitu- 
tion reactions  with  certain  nucleophiles,  and  reports  of  some  substitution 
reactions  undergone  by  the  tosylate  of  v and  preparation  of  the  triflate  of 
V encouraged  us  to  try  this  approach. 
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It  was  decided  to  concentrate  initially  on  displacement  reactions  of 
derivatives  of^V  since  this  appears  to  be  the  more  stable  of  the  three  poly- 
nitroalcohols .'  Accordingly,  the  tosylate,  bromide,  and  triflate  derivatives 
were  prepared.  The  structures  are  IXa,  b,  and  c,  respectively.  A plausible 
substrate  for  nucleophilic  displacement  in  this  series,  the  diazo  compound  X, 


was  not  considered  because  of  the  treacherous  naturegof  about  the  only 
plausible  precursor,  2-fluoro-2,2-dinitroethylaming.  The  tosylate  was 
easily  prepared  by  the  method  of  Adolph  and  Karnlet^  and  could  easily  be  con- 
verted to  the  bromide  by  heating  with  lithium  bromide  in  dimethyl formamide . 
Steam  distillation  of  the  reaction  mixture,  extraction  of  the  distillate 
with  methylene  chloride,  concentration  and  distillation  afforded  pure  bro- 
mide in  about  65%  yield.  (Most  of  the  loss  is  incurred  during  ghe  second 
distillation.)  This  was  found  superior  to  the  published  method  in  that  IXb 
could  be  obtained.  The  triflate  (IXc)  was  prepared  as  described  in  the 
literature ' with  the  variation  that  a solution  of  pyridine  was  slowly  added 
to  a solution  of  V and  triflic  anhydride  in  methylene  chloride  at  -22°. 

FC(rto^CMxx  FC 

E,  X-  o3s-(o}-cm3  -g 
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C,  x “ °3  s c 


The  reaction  between  tl  •;  triflate  ester  (IXc)  and  the  lithium  salt  of 
phenylacetylene  (XI)  was  first  investigated.  The  reaction  was  carried  out 
at  low  temperatures  in  diethyl  ether  solution  and  afforded  a modest  yield  of 
bright  yellow  solid;  m. p.58.5  - -59.5°.  The  ir  and  particularly , nmr  spectra, 
of  this  material  quickly  identified  it  not  as  a substitution  product,  but  as 
an  elimination-addition  product  with  the  novel  structure:  Z-l-fluoro-l-nitro- 

4-phenylbut-l-en-3-yne  (XII).  The  mass  spectrum  (parent  peak,  m/e  = 191) 
confirmed  this.  The  nmr  showed  the  vinylic  proton  as  a doublet  (J  = 21  Hz) 
centered  at  about  6.8  ppm.  This  magnitude  of  coupling  ^gnstant  is  consistent 
only  with  a trans  arrangement  of  hydrogen  and  fluorine.  It  was  later  found 
that  this  is  a fairly  general  reaction  of  lithium  acetylides  and  triflate 
ester  IXc  and  two  other  examples  of  this  class  of  enynes  were  prepared: 
Z-l-fluoro-l-nitro-4-ethoxybut-l-en-3-yne  (XIII)  and  Z-l-fluoro-l-nitro-5- 
methyl-1 ,5-hexadien-3-yne  (XIV).  The  usual  yields  under  optimum  conditions 
were  in  the  range  of  40-60%,  as  estimated  from  nmr  spectra  on  the  crude 
reaction  mixtures.  Isolation  and  purification,  however,  presented  consider- 
able difficulty,  and  yields  of  pure  product  were  usually  on  the  order  of  30%. 
All  of  these  enynes  appear  to  polymerize  quite  readily  on  heating  and  attempts 
at  distillation  or  sublimation  usually  destroyed  most  of  the  material.  How- 
ever, considering  the  wide  variation  in  structure  of  the  enynes  prepared, 
their  reasonable  stability  at  ambient  temperatures,  and  the  fact  that  fairly 
pure  samples  can  be  isolated  in  respectable  yield  by  simple  liquid  chromatog- 
raphy, this  reaction  promises  to  be  extremely  useful.  Further  examination 
of  reaction  variables  such  as  temperature,  concentration  of  reactants,  mode 
of  mixing  reactants,  etc . , and  of  isolation  techniques,  will  almost  certainly 
improve  the  yields. 


The  enynes  themselves  probably  will  not  be  of  much  use  as  energetic 
materials,  but  attachment  of  more  energetic  groups  through  addition  or  con- 
densation reactions  should  be  quite  feasible.  The  ready  polymerizability  of 
these  compounds,  in  particular,  makes  their  use  as  starting  materials  for 
the  development  of  energetic  binders,  plasticizers,  or  crosslinking  agents, 
appear  very  promising. 

As  evidence  of  the  ease  of  preparation  of  these  compounds,  a typical 
reaction  will  be  described  in  some  detail.  In  IS  ml  of  dry  diethyl  ether 
1.44  g (14.01  mmoles)  of  phenylacety lene  was  dissolved  and  the  solution 
placed  in  a septum-sealed  flask  equipped  with  a magnetic  stirrer.  The  solu- 
tion was  cooled  in  an  ice  bath,  flushed  with  dry  nitrogen,  and  9.0  ml  of  1.6  M 
butyllithium  in  hexane  solution  was  added  slowly  via  syringe.  The  resulting, 
slightly  cloudy,  solution  was  then  transferred  via  syringe  to  a septum-capped 
dropping  funnel  that  was  also  flushed  with  nitrogen.  The  dropping  funnel  was 
attached  to  a flask  containing  2.00  g (7.0  mmoles)  of  2-fluoro-2,2-dinitro- 
ethyl  triflate  dissolved  in  20  ml  of  dry  ether.  This  flask  was  flushed  with 
nitrogen  and  then  sealed  with  an  oil  bubble  device.  It  was  then  cooled  with 
stirring  in  a dry  ice-diethyl  ether  bath  (ca.  -100°)  and  the  phenylacetylide 
solution  added  slowly  over  a period  of  about  one  hour.  The  solution  rapidly 
turned  a red-brown  color.  The  solution  was  stirred  for  about  2 hours  while 
the  bath  was  allowed  to  warm  to  room  temperature.  It  was  then  poured  onto 
a mixture  of  ice  and  saturated  brine  and  the  ether-soluble  components  separated 
in  usual  fashion.  Drying  and  concentration  under  reduced  pressure  yielded 
1.73  g of  red-brown  oil.  Chromatography  of  this  material  on  13  g of  60/200 
mesh  silica  gel  using  hexane  as  eluent  yielded,  from  the  first  250  ml  fraction, 
0.86  g (4.5  mmoles,  64%)  of  fairly  pure  XII.  Further  chromatographic  puri- 
fication and  recrystal lizntion  afforded  0.41  g (2.14  mmoles,  30%)  of  material 
melting  at  57-59°. 

From  the  information  we  have  thus  far  it  is  not  possible  to  say  with 
certainty  what  the  mechanism  of  the  enyne  forming  reaction  is.  The  structure 
of  the  products  requires  that  the  stoichiometry  of  the  reaction  be  2 moles 
of  acetylide  to  1 mole  of  the  triflate  ester.  The  only^reaction  in  the  lit- 
erature even  vaguely  similar  is  one  described  by  Adolph  between  methoxide 
ion  in  methanol  and  f luorodini troethyl  tosylate  (IXa).  The  major  product  was 
l-fluoro-l-nitro-2,2-dimethoxyethane  (XV)  and  Adolph  proposed  the  elimination- 
addition-elimination-addition  mechanism  shown  in  eq.  3.  The  enynes  could 
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conceivably  be  formed  by  either  the  eximination-addition-elimination  process 
described  in  eq.  4,  or  the  substitution-elimination  process  shown  in  eq.  5. 
From  the  available  information  Adolph's  reaction  could  also  be  taking  place 
by  a substitution-elimination  process  similar  to  eq.  5.  Solution  to  this 
mechanistic  puzzle  is  of  interest  not  only  for  scientific  reasons  but  also 
for  the  following  practical  ones.  If  the  mechanism  is  as  shown  in  eq.  4,  it 
may  be  possible  to  generate  the  intriguing  intermediate  2-fluoro-2-nitrovinyl 
triflate  (XVI)  with  non-nucleophilic  bases  such  as  sodium  hydride  and  trap 
it  with  less  basic  nucleophiles  or  possibly  with  conjugated  dienes  via  a 
Diels-Alder  reaction.  Either  trapping  reaction  could  give  rise  to  some  very 
interesting  classes  of  compounds.  If  the  mechanism  is  as  shown  in  eq.  5,  it 
may  be  possible  to  inhibit  the  final  elimination  step  and  obtain  the  as  yet 
unknown  substitution  products  (XVII). 


+C«3°' 


p.bl  H 

<"not s 


CHjO 

— > 


C~  C H 

i 

F 


H 


C - CH(oCHj)  ^ 
F __ 


cHsow  ch3o" 

- <— — 


£<3Ts 

/ =c *r-> 


OCH. 


IEc  + 


1 \ 


R 


C-C  * \ _ 


C = c 

F/  0Tf 


c=ch-chc-r  . 
F 


J 


c=cR 

CH 

&Tf 


(3) 


(*) 


H 


+ RC  = c 


FC(  M<a\CHrCsCR 

WH  ^ 


+ HCECR 


0*4 


C=:C  R 


C = CI1  C=  C R 


(5) 


29-7 


Severl  other  variations  of  this  reaction  were  tried  in  hope  of  either 
improving  the  yield  of  enyne  or  possibly  obtaining  the  substitution  product 
XVII.  Reaction  of  triflate  IXc  with  commercially  available  propynyl lithium 
in  tetrahydrofuran  (THF)  solution  failed  to  yield  either  desired  product, 
probably  because  of  the  insolubility  of  this  lithium  salt.  Reaction  of  IXc 
with  lithium  phenylacetylide  in  THF  gave  only  traces  of  enyne  XII,  possibly 
because  of  the  lesser  solubility  of  this  acetylide  in  THF.  Complexation  of 
lithium  phenylacetylide  with  tetramethylethylenediamine  (TMEDA)  greatly  im- 
proved its  solubility  in  THF  but  this  complexed  acetylide  quickly  destroyed 
the  triflate  without  producing  any  detectable  amount  of  XII.  Possibly,  com- 
plexation of  the  acetylide  increases  its  basicity  but  not  its  nucleophilicity . 
Fluorodinitroethyl  tosylate  (IXa)  is  more  easily  prepared  than  the  triflate 
and  was  a needed  precursor  to  the  bromide  (iXb).  Several  reactions  of  IXa 
were  therefore  examined.  Reaction  of  the  tosylate  with  phenylacetylene  and 
sodium  hydride  in  THF  gave  only  a modest  amount  of  recovered  tosylate.  Reac- 
tion with  phenylacetylene  and  potassium  t^-butoxide  in  t-butanol  solution 
yielded  only  recovered  tosylate.  Finally,  the  tosylate  was  heated  with  sodium 
hydride  in  dimethylsulfoxide  (DMSO)  in  the  presence  of  furan  in  hopes  of  ob- 
taining the  Diels-Alder  adduct  XVIII.  Destruction  of  the  tosylate  resulted 
but  no  evidence  for  formation  of  XVIII  was  found.  A single  reaction  of  the 
bromide  IXb  was  examined;  reaction  with  TMEDA  complexed  phenylacetylide  in 
THF  resulted  in  complete  destruction  of  the  bromide  but  in  no  identifiable 
products.  q 
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The  reactions  of  fluorodinitroethyl  bromide  (IXb)  with  cuprous  phenyl- 
acetylide (XIX)  and  a lithium  reagent  derived  from  XIX  were  examined  in  some 
detail  since  coupling  reactions  between  cuprous  acetylides  and  aryl,  allyl, 
benzyl,  and  acyl  halides  often  proceed  in  excellent  yield  under  fairly  mild 
conditions.  Since  cuprous  acetylides  are  relatively  covalent  as  compared 
to  the  lithium  salts  and  therefore  not  as  basic,  it  was  felt  this  might  pro- 
vide a route  to  the  substitution  product  XVII.  Heating  the  bromide  with  XIX 
in  dimethylformamide  (DMF)  resulted  in  destruction  of  the  bromide  and  forma- 
tion of  a modest  yield  of  l,4-diphenylbuta-l,3-diyne  (XX).  This  almost 
certainly  results  from  oxidation  of  the  acetylide  by  the  nitro  gjqups  in  IXb. 
Oxidativecoupling  of  cuprous  acetylides  is  a well  known^ Reaction  “ and  highly 
electronegative  functional  groups,  e . g . , diazonium  ions  occasionally  cause 
this.  Mixing  the  bromide  with  XIX  in  pyridine  resulted  in  a very  exothermic 
reaction  and  formation  of  a large  number  of  products  that  remain  unidentified. 
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Dialkylcopper  lithium  species,  such  as  XXI,  readily  formed  from  reaction 
of  cuprous  iodide  with  alkyllithium  reagents,  have  recently  received  wide  use 
in  coupling  alkyl  groups  to  alkyl,  allyl,  vinyl,  and  even  aryl  iodides  and 
bromides.  Mixed  reagents,  XXII,  can  also  be  formed  though  reaction  of 
cuprous  acetylides  with  alkyllithium  in  ether  solution.  Preparation  of  XXII 
where  R is  n-butyl  and  R*  is  phenyl  was  readily  achieved,  but  its  reaction 
with  iXb  produced  only  a trace  of  XX.  Apparently,  these  mixe^-copper  reagents 
prefer  to  transfer  the  alkyl  group  rather  than  the  acetylide. 

Finally,  a Friedel -Crafts  type  reaction  between  the  bromide  and  phenyl- 
acetylene,  catalyzed  by  aluminum  chloride,  in  nitromethane  solution  was  examined. 
Overnight  stirring  of  the  mixture  resulted  in  destruction  of  the  bromide  but 
formation  of  no  identifiable  products. 

1.  CONCLUSIONS  AND  RECOMMENDATIONS 


A rapid,  fairly  good  yield,  synthesis  of  nitrofluoroenynes  has  been 
achieved.  Further  study  of  reaction  variables  and  isolation  techniques  should 
improve  the  yields  considerably.  These  enynes  have  considerable  promise  for 
use  in  developing  new  energetic  binders,  plasticizers,  and  crosslinking  agents. 
The  mechanism  of  the  reaction  is  not  well  understood  and  should  definitely 
receive  further  study  since  such  knowledge  could  conceivably  lead  to  methods 
of  preparing  other  new  classes  of  energetic  compounds. 

The  generality  of  the  enyne  forming  reaction  should  be  further  extended 
by  testing  it  with  triflate  esters  of  other  polynitro  and  polyfl uoro  alcohols. 

2.  MECHANISM  OF  THERMAL  DECOMPOSITION  OF  ALLYL  AZIDE 
DIMER  AND  APPROACHES  TO  SYNTHESIS  OF  ITS  AROMATIC  ANALOG 


Some  of  the  most  well  known  reactions  of  alkyl  or  arylazides  are  their 
1,3-cycloaddition  reactions  with  carbon-carbon  double  and  triple  bonds  (eq.  6). 
Therefore,  it  is  not  surprising  that  allyl  azide  (XXIII)  undergoes  a smooth 
dimerization  reaction  (eq.  7),  slowly  on  standing,  or  fairly  rapidly  on  gentle 
refluxing  (ca.  60°).  What  is  surprising  is  that  at  present  this  is  the  only 
known  example  of  such  a dimerization.  All  other  allylic  azides  steadfastly 
resist  similar  condensation  no  matter  what  the  conditions. 
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The  dimer  (XXIV)  was  first  obtained  by  Forster  and  Fierj^in  1908  during 
the  course  of  the  first  reported  preparation  of  allyl  azide.  They  noted 
a white,  crystalline  solid  remaining  after  distillation  of  the  azide  at 
atmospheric  pressure.  At  the  time  these  workers  determined  its  elemental 
composition  and  molecular  weight,  and  proposed  a couple  of  possible  structures 
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for  it.  In  |^54,  Boyer  and  Canter  noted  that  one  of  these  structures  was  the 
more  likely,  / and  finally,  in  1973,  on  the  basis  of  a single  crystal  X-ray 
diffraction  study,  Pezz^lo  and  Boyko  proved  it  had  the  centrosymmetric  tri- 
cyclic structure  shown.  Its  proper  name,  according  to  chemical  abstracts, 
is  3a.4,8a,9-tetrahydro-3H,8H-bis[l,2,3]triazolo[l,5-a: 1^,5^-d]  pyrazine. 

Preparation  of  the  dimer  is  quite  straightforward.  Reaction  of  allyl 
chloride  or  bromide  with  sodium  azide  in  a DMF-water  mixture  takes  place  readily 
on  stirring  at  room  temperature  for  a few  hours . Addition  of  more  water  and 
steam  distillation  of  the  mixture  yields  a distillate  consisting  of  water  and 
quite  pure  allyl  azide.  Separation  and  drying  with  CaCl-  affords  the  azide 
in  75-80%  yield.  Refluxing  this  liquid  for  8-10  hrs.  and  cooling  affords  a 
modest  (5-15%)  yield  of  the  dimer  as  a white,  highly  crystalline,  solid.  The 
unreacted  azide  can  be  easily  separated  by  filtration  or  decantation  and  used 
to  prepare  more  dimer.  It  is  definitely  inadvisable  (vide  infra)  to  reflux 
the  azide  for  more  than  about  12  hrs . without  separating  the  precipitated 
dimer  from  it.  The  dimer  is  rather  insoluble  but  it  can  be  recrystallized 
from  methylene  chloride.  Its  melting  point,  as  usually  determined  in  an  open 
capillary,  is  rather  variable,  usually  occurring  with  concurrent  decomposition 
and  gas  evolution,  somewhere  between  180°  and  200°. 

Like  most  1,2,3-triazolines,  the  dimer  is  rapidly  decomposed  by  strong 
acids  and  even  slowly  by  water.  The  likely  mechanism  is  shown  in  eq.  8.  The 
thermal  decomposition  of  most  triazolines  occurs  by  the  process  shown  in 
eq.  9,  and  radical  intermediates  are  definitely  involved.  Some  triazolines 
have  even  been  recommended  for  use  as  initiators  for  radical  catalyzed  poly- 
merization reactions.  Allyl  azide  dimer,  though,  while  it  does  decompose 
thermally,  apparently  does  so  by  a non  radical  process  or  by  a process  in 
which  intermediate  radicals  are  rapidly  converted  to  nonradical  species. 

Heating  the  dimer  in  pure  styrene  under  nitrogen  does  not  speed  the  polymeri- 
zation reaction,  but  actually  inhibits  the  normal  slow  polymerization  exhibited 
by  pure  styrene  alone. 
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Our  interest  in  the  dimer  with  respect  to  this  project  stems  from  the 
fact  that  under  certain  conditions  it  will  undergo  thermal  detonation  but 
apparently  has  little  or  no  shock  sensitivity.  (Note:  Insensitivity  to 

shock  has  not  been  carefully  tested,  however.)  Heating  of  solid  samples  of 
the  dimer  much  larger  than  a few  milligrams,  either  by  warming  up  slowly 
from  room  temperature  or  by  rapid  warming  such  as  plunging  the  container 
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into  a hot  oil  bath 
where  between  150° 
toward  moisture  and 
that  with  suitable 
energy  content  and 
parameters,  mechani 
would  be  of  use  in 
modifications . 


usually^jesults  in  a fairly  vigorous  detonation  some- 
and  200°.  While  the  dimer  itself  is  probably  too  unstable 
heat  to  be  of  use  as  an  energetic  material,  it  was  felt 
chemical  modification  of  its  structure  materials  of  greater 
stability  might  be  obtained.  Determination  of  the  kinetic 
sm,  and  products  of  thermal  decomposition  of  the  dimer 
deciding  how  important  it  might  be  to  pursue  chemical 


Preliminary  examination  of  small  samples  of  the  dimer  (ca.  one  milligram) 
by  differential  scanning  calorimetry  (DSC)  showed  that  it  undergoes  an  exo- 
thermic decomposition,  concurrent  with  melting,  in  the  vicinity  of  180°. 
Preliminary  examination  of  these  DSC  plots  indicates  that  the  decomposition 
is  1st  order  in  dimer.  Determination  of  actual  rate  constants  and  activation 
parameters  is  in  progress.  It  has  been  determined  that  a 1:1  mixture  of 
naphthalene  and  dimer  will  give  a fairly  clear  melt  at  about  95°.  Continued 
heating  of  this  melt  results  in  decomposition  (as  evidenced  by  bubbling)  at 
about  110°.  It  is  hoped  that  by  using  such  a melt  in  DSC  experiments  one  can 
examine  the  thermal  behavior  below  the  m.p.  of  the  dimer  and  determine  whether 
there  is  an  induction  period  for  this  decomposition,  whether  there  is  a con- 
centration effect  on  decomposition  temperature,  and  determine  the  activation 
parameters  much  more  accurately.  These  experiments  are  planned  for  the  near 
future . 


One  experiment  directed  toward  identification  of  the  pyrolysis  products 
has  been  carried  out.  A 4.2  mg  sample  of  XXIV  was  sealed  under  vacuum  in  a 
glass  container  of  about  10  ml  volume.  This  was  slowly  warmed  in  an  oil  bath 
until  it  decomposed  quite  violently  at  about  200°.  Examination  of  the  gases 
in  the  closed  container  by  mass  spectroscopy  revealed  a sizeable  peak  at 
M/e  =.  41  as  well  as  modest  peaks  at  M/e  » 27  and  57.  Nitrogen  was  certainly 
present  but  could  not  be  qualitatively  determined  because  of  air  leakage. 

The  material  of  mass  41  may  be  acetonitrile  (XXV)  and  that  of  27  is  probably 
HCN.  If  these  are  correctly  identified,  it  is  rather  significant  that  small, 
gaseous  molecules  other  than  N„  are  produced  in  the  decomposition.  The  mass 
spectrum  of  the  nonvolatile  products  showed  a variety  of  peaks.  The  most 
abundant,  in  decreasing  order,  were  at  masses  of  41,  55,  54,  42,  27,  18,  56, 
and  39.  A little  unreacted  dimer  (mass  166)  could  also  be  detected.  The 
mass  spectrum  of  allyl  azide  showed  many  of  the  same  peaks  but  with  quite 
different  relative  intensities.  It  is  therefore  unlikely  that  the  decomposi- 
tion of  the  dimer  involves  a preliminary  cracking  back  to  azide  followed  by 
rapid  decomposition  of  the  azide.  A tentative  scheme  for  decomposition  of 
the  dimer  is  outlined  below. 
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Further  work  on  more  positive  identification  of  the  products  is  required 
as  well  as  more  accurate  measurement  of  their  yields  before  this  scheme  can 
be  considered  correct.  A further  complication  that  may  exist  is  that  the 
relatively  slow  thermal  decomposition  and  the  frequently  observed  detonation 
may  be  quite  different  chemical  processes.  An  accurate  product  study  of  both 
reactions  should  answer  this  question.  Further  work  is  planned  for  the  near 
future. 


The  aromatic  analog  of  the  dimer,  XXVI,  would  be  of  considerable  interest. 
The  nitrogens  in  the  triazole  rings  of  XXVI  should  be  essentially  non-basic 
so  this  molecule  should  be  much  more  stable  toward  moisture  and  acids  than 
the  azide  dimer.  The  presence  of  two  fairly  aromatic  rings  should  also  in- 
crease thermal  stability.  Finally,  either  the  carbons  in  the  aromatic  rings 
or  the  bcnzylic  carbons  in  the  central  ring  could  serve  as  centers  for  attach- 
ment of  energetic  groups. 
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Three  approaches  to  synthesis  were  considered.  Formally,  one  can  con- 
sider XXVI  to  be  the  dimer  of  propargyl  azide  (XXVII).  One  might  consider 
simply  preparing  XXVII  and  thermally  condensing  it  as  in  the  case  of  allyl 
azide.  Baldwin  and  Coworkers,  however,  prepared  XXVII  and  report  that  it 
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polymerizes  at  room  temperature  and  that  it  "is  a^^angerous  explosive  with 
sensitivity  greater  than  that  of  nitroglycerine."  This  approach  was  not 
considered  further.  A second  approach  would  be  dimerization  of  B-chloroallyl 
azide  (XXVIII).  The  resulting  intermediate  (XXIX)  should  rapidly  lose  HC1 
and  generate  XXVI  (eq.  10).  The  B-chloroallyl  azide  was  easily  prepared  in 
78%  yield  in  a manner  similar  to  the  preparation  of  XXIII,  but  neither  long 
refluxing  of  the  neat  azide  over  K^CO  or  refluxing  a solution  of  it  in  CC1 
for  several  hours  caused  any  change  to  occur.  This  approach  to  XXVI  should4 
probably  be  pursued  a bit  further,  but  does  not  appear  too  promising.  Finally, 
one  could  consider  dehydrogenating  XXIV  itself.  One  brief  experiment  was 
carried  out  in  this  direction.  Heating  with  elemental  sulfur  has  been  fre- 
quently used  to  convert  nonaromatic  compounds  to  their  aromatic  analogs. 

Two  milligrams  of  XXIV  was  thoroughly  mixed  with  6 milligrams  of  powdered 
sulfur  and  a portion  of  it  heated  slowly  in  a m.p.  capillary.  Shortly  after 
the  mixture  melted  (ca.  120°)  vigorous  bubbling  commenced  and  developed  into 
a foaming  froth.  Considering  the  volume  of  gas  being  evolved,  the  dimer  was 
probably  being  decomposed  rather  than  being  dehydrogenated.  Molten  sulfur 
is  known  to  have  Lewis  acid  properties  and  it  probably  brings  about  decompo- 
sition of  XXIV  by  a mechanism  similar  to  that  shown  in  eq.  8. 
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2.  CONCLUSIONS  AND  RECOMMENDATIONS 

Allyl  azide  dimer  undergoes  an  exothermic  thermal  decomposition  at  about 
180°  that  appears  to  be  first-order  in  dimer  concentration.  In  solution  in 
molten  naphthalene  the  decomposition  can  be  observed  at  temperatures  as  low 
as  110°.  It  should  be  quite  feasible  to  determine  the  rate  and  activation 
parameters  of  this  reaction  by  differential  scanning  calorimetry.  The  products 
of  decomposition  have  been  partially  determined  and  a tentative  mechanism 
for  the  reaction  proposed.  Attempts  to  prepare  the  aromatic,  and  potentially 
more  useful,  analog  of  allyl  azide  dimer  have  been  unsuccessful. 

The  kinetic  studies  on  the  thermal  decomposition  of  the  dimer  should 
definitely  be  completed,  as  well  as  more  quantitative  determinations  of  the 
decomposition  products.  Approaches  to  synthesis  of  the  aromatic  analog  of 
the  dimer  should  continue  to  be  explored. 

3.  AN  APPROACH  TO  HIE  SYNTHESIS  OF 
N.N-BIMALF.IMIDYL 

In  1963  the  preparation  and  proof  of  structure  of  N,N-bisuccinimidyl 
(XXX)  was  reported.  " The  material  melts  at  310°  without  decomposition,  is 
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quite  stable  toward  most  oxidants,  and  survives  heating  in  a sealed  tube  at 
400°  for  several  days.  The  compound  can  be  prepared  quite  easily  by 
simply  heating  a mixture  of  hydrazine  and  either  succinic  acid  or  succinic 
anhydride  to  high  temperatures. 
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The  great  stability  of  XXX  suggests  that  attachment  of  energetic  groups 
to  such  a molecule  might  yield  new  classes  of  energetic  materials  of  unus- 
ally  high  melting  point  and  thermal  stability.  Unfortunately,  there  are  no 
reactive  functional  groups  in  XXX  to  which  other  molecules  might  be  readily 
attached.  It  was  thought  that  the  unsaturated  analog,  N,N-bimaleimidyl , 
(XXXI),  might  retain  the  unusual  stability  of  XXX,  yet  be  readily  condensed 
with  other  compounds  through  either  Diels-Alder  reactions  or  nucleophilic  or 
radical  additions  to  its  double  bonds.  Also,  considering  its  structure,  it 
might  prove  useful  as  a crosslinking  agent,  imparting  unusual  stability  to 
the  resulting  polymers.  An  approach  to  its  synthesis  is  described. 

The  obvious  path  to  XXXI,  direct  thermal  condensation  of  maleic  anhydride 
and  hydrazine  as  used  in  the  preparation  of  XXX,  is  not  practical  since 
hydrazine  initially  reacts  with  maleic  anhydride  to  produce  a hydrazone  (eq. 
11).  It  is  doubtful  that  this  species  would  react  with  another  mole  of 
anhydride  to  produce  structure  XXXI.  An  alternative  approach  would  be  to 
prepare  some  saturated  [>i-imide  (XXXII)  which  could  be  converted  to  XXXI  in 
the  last  step  of  the  synthetic  sequence  by  a simple  elimination  reaction  of 
the  groups  A and  B.  What  appears  to  be  an  attractive  synthetic  sequence  is 
outlined  ^ eq.  12.  The  easily  prepared  adduct  of  cyclopentadiene  and  maleic 
anhydride^'5  should  react  with  hydrazine  in  about  the  same  manner  as  succinic 
anhydride  to  yield  the  bi-imide  XXXIII.  At  a high  enough  temperature  XXXIII 
should  undergo  a double  reverse  Diels-Alder  reaction  to  yield  volatile 
cyclopentadiene  and  the  desired  product.  The  only  questionable  aspect  of 
this  scheme  is  whether  the  temperatures  necessary  for  the  first  thermal  con- 
densation step  would  crack  the  starting  material  back  to  cyclopentadiene  and 
some  maleic  acid  derivative  before  conversion  to  XXXIII  could  be  achieved. 
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A single  attempt  at  preparation  of  XXXI  via  the  scheme  of  eq.  12  was 
carried  out.  Heating  a mixture  of  the  maleic  anhydride-cyclopentadiene 
adduct  and  hydrazine  at  about  160°  for  an  hour  produced  a viscous  syrup 
from  which  a low  yield  of  white  solid  could  be  obtained  by  trituration  with 
hot  CCl^  and  recrystallization  from  DMF-water.  The  material  melted  at  about 
270°,  and  had  an  nmr  spectrum  and  mass  spectrum  consistent  with  structure 
XXXIII.  A sample  of  this  material  (0.44  g)  was  placed  in  a sublimation 
apparatus  and  heated  at  285°  for  30  min.  under  vacuum.  Most  of  the  material 
simply  sublimed  up  to  a cooler  portion  of  the  apparatus,  but  about  20  mg  of 
fluffy  brownish  solid  remained  in  the  bottom.  This  material  did  not  melt 
below  400°,  was  insoluble  in  water,  but  appeared  to  be  soluble  in  DMSO.  It 
was  not  volatile  enough  to  give  a satisfactory  mass  spectrum  and  the  limited 
amount  of  material  did  not  give  a satisfactory  nmr  spectrum.  The  material 
did  appear  to  react  with  anthracene  in  DMSO  solution,  but  again,  owing  to  the 
small  amounts  of  material  available,  the  evidence  is  not  very  convincing. 

The  behavior  of  the  bTownish  solid  is  consistent  with  what  one  might  expect 
for  that  of  N,N-bimaleimidyl  (XXXI),  but  the  overall  synthesis  must  be  improved 
and  larger  quantities  of  the  solid  obtained  before  its  structure  can  be  defi- 
nitely established. 


3.  CONCLUSIONS  AND  RECOMMENDATIONS 

A reasonable  synthetic  route  to  the  potentially  useful  compound  N,N- 
bimaleimidyl  has  been  designed  and  one  attempt  to  carry  it  out  has  been  made. 
The  preparation  of  the  bi-imide  may  have  been  achieved.  Further  improve- 
ment of  the  synthesis  and  proof  of  the  structure  of  the  compound  is  needed. 
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ELECTRODE  EROSION 
IN  PULSED  PLASMA  THRUSTERS 

by 

D.  D.  Chesak 
ABSTRACT 


Electrode  erosion  in  pulsed  plasma,  electromagnetic  thrusters  is  a 
persistent  problem  for  engineers  engaged  in  the  design  of  long  life 
satellites.  The  most  successful  design  utilizes  Teflon  as  an  ablative 
propellant  and  electrical  energy  derived  from  the  spacecraft  solar  energy 
system.  The  short  duration,  high  current  pulses  vaporize  the  electrode 
surfaces  and  cause  a loss  of  material,  especially  from  the  anode. 

Fluorine  interaction  with  the  anode  is  suspected  but  there  is  no  conclusive 
data  to  support  this. 

The  premise  of  this  paper  is  that  the  dwell  time  of  the  anode  arc  spot 
must  be  decreased  and  that  this  can  be  accomplished  by  increasing  the 
magnetic  field  in  the  thruster  chamber.  Three  techniques  are  suggested; 
anode  reorientation,  partially  surrounding  the  anode  with  a magnetic  core 
and  placing  Helmholtz  coils  around  the  chamber.  An  engineering  recommendation 
's  made  for  the  millipound  thruster  which  uses  all  three  methods.  Some  of 
the  pertinent  specifications  have  been  calculated  and  are  included. 
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INTRODUCTION 

Artificial  terrestrial  satellites  are  becoming  more  and  more  important 
as  time  goes  on.  Their  value  for  communications,  weather  forecasting,  intel- 
ligence operations  and  other  services  is  inestimable.  However,  the  monetary 
cost  is  high.  Placing  one  vehicle  in  orbit  can  easily  cost  several  minion 
dollars.  The  high  price  mandates  that  a spacecraft  serve  its  function  for 
as  long  a time  as  possible. 

Satellite  designers  are  striving  for  a seven  year  life  time  for  units 
to  be  launched  in  the  near  future.  With  the  sophisticated  hardware  that  is 
available  today,  this  is  a reasonable  goal.  Since  solar  energy  converters 
can  supply  an  Inexhaustible  supply  of  electric  power,  there  is  no  particular 
limit  to  the  time  that  computers  and  telemetry  systems  can  continue  functioning. 

One  of  the  systems  that  has  a restricted  lifetime  is  that  which  maintains 
proper  vehicle  attitude  and  velocity,  i.e.,  stationkeeping.  In  particular, 
the  fuel  supply  needed  for  thruster  operation  is  limited.  Compressed  gas  or 
chemical  fuel  thrusters  do  not  provide  a sufficiently  high  specific  impulse. 

As  longer  and  longer  mission  durations  are  planned  for  a specific  vehicle 
size  and  weight,  a trade-off  between  fuel  supplies  and  other  hardware  must 
be  made.  Thus,  until  that  time  when  in-flight  refurbishment  is  feasible, 
operational  capabilities  and  mission  lifetime  will  be  competing  factors. 

If  the  equation  for  the  propulsive  force  of  a thruster,  T = M U,  is 
examined,  It  can  be  seen  that  the  force  is  proportional  to  the  mass  expulsion 
rate  and  the  thruster  exhaust  velocity.  Since  it  is  desirable  to  keep  the 
fuel  mass  rate  to  as  low  a value  as  possible,  the  exhaust  velocity  must  be 
made  as  high  as  possible. 

The  upper  limit  for  the  exhaust  velocity  for  chemical  fuel  thrusters 
is  about  5000  m/sec.  The  only  type  of  thruster  that  has  a significantly 
greater  exhaust  velocity  is  the  electric  thruster.  Theoretically,  some 
types  of  electric  thrusters  can  achieve  a figure  of  100,000  m/sec. (1). 

Since  electric  thrustersfor  stationkeeping  require  very  modest  power 
Input  levels,  they  can  utilize  solar-derived  electrical  energy  from  the 
spacecraft  electric  system  bus. 

Electric  thrusters  can  be  classed  in  three  categories;  electrothermal, 
electrostatic  and  electromagnetic.  The  electrothermal  thruster  uses  electrical 
energy  to  raise  the  temperature  of  a propellant  in  a gaseous  state  and  then 
expels  the  propellant  through  a conventional  nozzle.  The  electrostatic  thruster 
accelerates  propellant  in  the  form  of  ions  to  a very  high  velocity  and  expels 
these  particles  Into  space.  This  device  is  limited  to  operation  in  environments 
which  are  outside  the  earth's  atmosphere.  The  electromagnetic  thruster  is 
usually  considered  to  be  one  of  two  types,  steady  flow  and  pulsed.  The  latter 
is  the  principal  concern  of  this  paper  and  will  be  described  in  some  detail. 
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Figure  1 shows  an  elementary  configuration  of  a pulsed  electromagnetic 
thruster.  In  the  literature,  this  design  is  referred  to  as  a rail  thruster 
because  of  the  fact  that  the  two  electrodes,  the  cathode  and  the  anode,  are 
parallel  to  each  other.  In  operation,  an  electric  arc  is  initiated  between 
the  electrodes  and  near  their  left  ends.  The  arc  requires  the  presence  of 
some  material  in  a gaseous  state  between  the  electrodes.  Subsequently,  the 
gas  is  ionized  and  Its  temperature  is  increased  to  the  point  where  it  becomes 
a plasma. 

The  equation  which  governs  the  force  on  a high  velocity,  charged  particle 
in  a magnetic  field  is  given  by  the  equation: 


QV  xl 


Eq.  1 


Simply  stated,  the  force  is  proportional  to  the  product  of  those  components 
of  the  velocity  and  magnetic  field  vectors  that  are  at  right  angles  to  each 
other  and  that  the  force  is  perpendicular  to  these  two  components.  See  Figure 
1. 

The  force  on  the  plasma  stream  is  imparted  by  the  electric  field  that 
exists  between  the  electrodes  and  the  magnetic  field  developed  by  the  one 
turn  loop  formed  by  those  sections  of  the  electrodes  that  are  conducting  the 
electric  current  to  the  arc  stream  and  the  electron  and  ion  motion  within  the 
arc  stream. 

As  a consequence  of  the  physical  relationship  expressed  by  Eq.  1,  the  ions 
and  electrons  in  the  arc  stream  are  accelerated  rapidly  to  the  right  end  of 
the  electrodes  and  discharged  at  a high  velocity  into  space. 

A somewhat  more  detailed  diagram  of  a thruster  which  has  been  successfully 
flown  on  a satellite  is  shown  in  Figure  2.  The  propellant  gases  are  obtained 
by  initiating  the  electric  arc  on  the  surface  of  a block  of  solid  Teflon.  A 
small  amount  of  the  fluorine  and  carbon  atoms  is  ablated  from  the  Teflon  surface 
and  heated  to  a plasma  state.  A large  capacitor  bank  furnishes  the  electric 
current  for  the  arc  and  the  magnetic  field.  An  igniter  plug,  mounted  on  the 
cathode  near  the  Teflon  surface,  supplies  the  initial  ionization  when  a thrust 
impulse  is  required.  The  block  of  Teflon  is  pushed  into  the  thruster  chamber 
by  a spring  as  it  is  consumed.  The  capacitor  bank  is  recharged  between  thruster 
firings. 

Figure  3 shows  some  of  the  thruster  system  voltages  on  a simplified  diagram. 
The  spacecraft  28  volt  D.C.  bus  provides  all  of  the  electrical  energy.  The 
power  conditioner  converts  the  energy  to  two  higher  voltage  levels;  2500  volts 
for  the  capacitor  bank  and  620  volts  for  the  igniter  circuitry. 


30-5 


ii  i ■ ii  i ■■■  mntmmmmmmrnm 


h 

j 


I 


;l 


I 

’ 

* 

I 

L 


« i ; 

4 i J 


- * 


The  advantages  of  using  Teflon  for  the  propellant  are  that  no 
special  storage  vessels  are  required,  it  ablates  cleanly  without  forming 
residues  on  its  surface  that  might  form  an  electrical  short  circuit 
between  the  electrodes  and  the  discharge  components  in  the  exhaust 
plume  have  little  tendency  to  coat  antennas  and  solar  cells  on  the  space- 
craft. 

Figure  4 lists  the  statistics  of  the  three  successful  thrusters  that 
may  be  used  on  future  missions.  The  LES  6 has  been  flown,  the  LES  9 
is  flight-qualified  and  the  milllpound  thruster,  the  largest  of  the  three, 
Is  undergoing  life  tests. 

Figure  5 shows  the  configuration  of  the  major  components  of  the 
milllpound  thruster.  The  Teflon  propellant  rods  feed  into  the  thruster 
chamber  from  opposite  sides.  Figure  6 shows  this  in  more  detail.  Figure 
7 shows  a cut-away  view  of  the  thruster  chamber. 

ELECTRODE  EROSION 


One  of  the  most  persistent  problems  that  electric  thruster  designers 
face  is  electrode  erosion.  Ion  and  electron  bombardment  of  the  solid 
components  of  a thruster  can  dislodge  material  if  the  particle  velocity 
Is  sufficiently  large.  Many  investigators  regard  radiative  heat  transfer 
from  the  arc  stream  to  the  electrodes  to  be  among  the  most  significant 
factors  In  the  heating  and  subsequent  erosion  of  electrode  material. 

Only  a few  researchers  have  recognized  the  concentrated  energy  input 
that  occurs  at  the  cathode  and  anode  spots  due  to  Joule  heating  (2,3). 

In  this  well  known  process,  the  plasma  undergoes  a severe  pinch  effect 
whereby  all  of  thecurrent  In  the  arc  stream  enters  the  electrode  surface 
through  a spot  of  rather  small  area.  This  phenomenon  can  easily  be  seen 
In  arc  discharge  devices  such  as  mercury  vapor  lamps. 

The  constriction  of  the  cross-sectional  area  of  the  path  that  the 
current  must  take  results  In  very  high  current  densities  In  a rather  small 
volume  of  the  electrode.  The  power  density  or  electrical  energy  converted 
to  thermal  energy  per  unit  volume  Is  expressed  by  the  equation: 

P/V  « £ J2 

3 2 

Where  P Is  expressed  In  watts/m  ; ^ , in  ohm-meters  and  J,  amperes/m  . 

Exact  values  for  the  diameter  of  arc  spots  are  difficult  to  obtain, 
however,  examination  of  electrodes  that  have  been  subjected  to  high  current, 
short  duration  electrical  discharges  shows  that,  typically,  the  degraded,- 
area  is  less  than  a millimeter  across.  Dethlefson  (3)  has  cited  25  x 10,u 
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amp/m  as  the  critical  current  density,  above  which  copper  Is  vaporized  In 
only  a few  microseconds.  Fischer  and  Schonbach  (2)  show  in  their  experiments 
that  the  critical  current  density  for  tungsten  Is  10'°  amp/m2  with  current 
peaks  lasting  less  than  Oil  microsecond.  These  two  researchers  have,  with 
the  aid  of  high  speed  photography,  clearly  established  the  existence  of 
explosive  erosion  jets  of  electrode  material  during  high  current,  nanosecond 
duration,  spark  discharges. 

Figure  8 depicts  the  usual  erosion  pattern  that  occurs  on  the  millipound 
thruster.  The  anode  shows  a much  greater  loss  of  material  than  does  the 
cathode.  A typical  current  pulse  for  this  thruster  exceeds  50,000  amperes 
and  lasts  more  than  a microsecond.  If  the  diameter  of  the  arc  spot  Is  0.5  mm, 
then  Dethlefson's  critical  current  level  Is  easily  achieved.  Operating 
experience  with  the  millipound  thruster  with  copper  and  with  molybdenum 
electrodes  has  shown  that  the  rates  of  anode  loss  are  within  the  same  order  of 
magnitude. 

Considerable  attention  has  been  given  to  the  appropriate  choice  of  materials 
for  electrodes  for  the  millipound  thruster.  Ideally,  the  electrode  metal  should 
have  good  thermal  conductivity  and  capacity,  a high  melting  temperature  and 
good  electrical  conductivity.  It  Is  felt  that  the  materials  that  have  been 
tested  have  the  optimum  combination  of  desirable  characteristics. 

Another  potential  problem  which  is  peculiar  only  to  the  Teflon-fueled 
thruster  is  that  of  fluorine  attack  on  the  anode.  Fluorine  is  the  most  vigorous 
oxidizing  agent  known.  It  typically  raises  most  other  elements  to  their  highest 
valence  level  when  combined  chemically.  It  can  form  compounds  with  some  of  the 
inert  gases.  In  the  millipound  thruster,  the  attack  on  the  anode  by  fluorine  is 
Increased  significantly  by  the  fact  that  the  negatively  charged  fluorine  Ions 
are  driven  toward  the  anode  by  the  electric  field.  It  is  conjectured  that  some 
of  the  fluorine  combines  with  the  anode  material  and  is  then  swept  into  space. 

One  could  further  surmise  that  the  erosive  jet  action  discussed  above  increases 
the  amount  of  material  that  is  available  for  interaction  with  the  fluorine. 

It  would  appear  that  there  Is  little  hope  for  extending  the  lifetime  of 
the  high  performance.  Teflon-fueled  thruster.  Yet  there  remains  an  enigma.  The 
cathode  does  not  suffer  from  erosion  to  the  extent  that  the  anode  does.  So  far 
as  can  be  determined,  the  same  erosive  jet  action  occurs  at  the  cathode  as  it 
does  at  the  anode.  However,  the  metal,  if  it  forms  ions,  is  positively  charged  and 
is  attracted  back  to  the  cathode  while  fluorine  ions  would  be  more  likely  to  be 
repelled. 

Rosebrock  and  his  co-worker  (4)  cite  the  pressure  of  the  particle  beam  against 
a molybdenum  cathode  as  being  380  atmospheres  whereas  the  pressure  against  the 
anode  Is  only  0.029  atmospheres.  They  assumed  a current  density  of  10^0  amp/m2 
in  their  calculations.  While  the  propellant  was  a silver  filament,  it  Is  felt 
that  similar  pressure  disparities  exist  in  other  arc  discharges  with  different 
propellants.  In  view  of  the  erosion  experience  with  the  millipound  thruster, 
their  contention  that  erosion  jets  are  suppressed  at  the  cathode  but  not  at  the 
anode  due  to  difference  in  pressure  appear  to  have  justification. 
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Two  factors  bear  heavily  upon  the  degree  of  erosion.  These  are  current 
magnitude  and  dwell  time  of  the  arc  spot.  Rosebrock  (4)  determined  that  the 
anode  spot  tends  to  lag  behind  the  cathode  spot,  and  well  behind  the  plasma 
cloud.  Knabe  (5)  points  out  that  the  anode  spot  dwells  on  one  location  until 
the  angle  between  the  arc  and  the  anode  decreases  to  a value  such  that  the 
potential  difference  from  some  point  on  the  arc  with  respect  to  the  anode  spot 
becomes  greater  than  the  breakdown  potential  relative  to  a nearer  point  on  the 
anode  and  the  arc  spot  then  jumps  to  this  new  point. 

A reasonable  conclusion  Is  that  efforts  should  be  made  to  enhance  anode 
spot  velocity.  Reduction  of  current  levels  would  be  helpful  in  reducing  erosion 
but  the  decrease  in  thruster  performance  may  not  be  acceptable. 

MAGNETIC  ENHANCEMENT 

Examination  of  Eq.  1 reveals  that  the  force  exerted  upon  the  ionized 
particles  Is  heavily  dependent  upon  the  magnetic  field,  6.  This  magnetic  field 
could  be  regarded  as  a self  produced  field  since  it  arises  from  the  current  in 
arc  stream,  the  lengths  of  the  electrodes  that  are  conducting  the  current  to  the 
arc  spots  and  the  strip  lines  that  feed  the  current  to  the  electrodes.  This 
structure  forms  a one  turn  loop. 

Since  the  magnetic  field  is  proportional  to  the  arc  current,  then  consideration 
must  be  given  to  the  manner  in  which  this  current  varies.  In  Figure  9,  it  can 
be  seen  that  the  current  waveform  is  an  exponentially  damped  sinusoid.  (6) 

This  Is  to  be  expected  since,  from  an  electrical  poin  . of  view,  the  thruster  Is 
a simple  resistance,  inductance  and  capacitance  (RLC)  series  circuit  and,  if  one 
can  assume  constant  values  for  these  parameters,  the  current  is  governed  by  Eq.  2. 


E (volts)  - initial  voltage  of  capacitors 
L (henries)  - Inductance  of  circuit 
C (farads)  - capacitance  of  storage  capacitors 
R (ohms)  - resistance  of  arc  stream  and  conductors 
I (ampefes)  - arc  current 
t (seconds)  - time 
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Obviously,  since  the  effective  loop  Is  enlarged  as  the  arc  moves  along 
the  electrodes,  resistance  and  Inductance  change.  However,  Eq.  2 provides 
a first  order  approximation  and  the  curves  In  Figure  9 are  fairly  close  to 
that  of  exponentially  damped  sinusoids. 

The  Important  point  Is  that  the  magnetic  flux  produced  by  the  loop 
follows  the  current  curve  very  closely.  Thus  the  magnetic  field  and  consequently 
the  electrodynamic  force  on  the  arc  stream  are  not  constant.  From  Figure  9, 
one  can  deduce  that  this  force  Is  at  a high  level  from  about  1 to  3 microseconds. 
Obviously,  the  time  when  this  occurs  will  vary  for  different  thruster  dimensions 
but  the  principle  remains  the  same:  electrodynamic  forces  are  available  for 
accelerating  the  plasma  only  part  of  the  discharge  cycle.  Gas  dynamic  pressures 
account  for  a good  share  of  the  motive  force. 

This  paper  Is  devoted  to  the  premise  that  Increasing  the  magnetic  field 
near  the  anode  will  diminish  the  anode  spot  dwell  time  and  thereby  reduce 
erosion  of  the  electrode.  As  a secondary  benefit,  any  increase  In  the  magnetic 
field  between  the  electrodes  should  increase  the  longitudinal  velocity  component 
of  the  plasma  and  contribute  to  a greater  specific  impulse.  In  the  development 
of  the  mllllpound  thruster,  little  thought  has  been  given  to  the  magnetic  field. 
Other  major  problems  have  required  attention  and  until  it  become  apparent  that 
electrode  erosion  would  be  significant,  there  was  little  need  for  concern. 

The  first  approach  to  improving  magnetic  flux  density  at  the  anode  involves 
a minor  modification  of  that  electrode.  Referring  to  Figures  6 and  8,  It  can 
be  seen  that  the  anode  Is  relatively  thin  and  wide.  This  configuration  provides 
good  heat  flow  and  furnishes  support  for  the  propellant  rods.  However,  using 
the  Blot-Savart  equation,  Eq.  3,  and  Integrating  the  flux  components  contributed 
by  a rectangular  conductor  it  can  be  shown  that  the  magnetic  flux  density  near 
the  narrow  side  of  the  conductor  Is  about  twice  as  great  as  the  flux  density  at 
a point  the  same  distance  away  from  the  middle  of  the  wide  side.  The  conductor 
width  was  assumed  to  be  four  times  Its  thickness. 


Eq.  3 


, jj I / sin  9 dT 

dB  = 4 rr  J ^ 


The  results  of  the  calculation  suggest  that  the  millipound  thruster  anode  be 
rotated  90  degrees  as  shown  In  Figure  10a. 

Continuing  this  line  of  reasoning.  Figure  10b  shows  the  reoriented  anode 
with  a ferrite  core  partly  encircling  It.  The  ferrite  material  provides  passive 
reinforcement  of  the  magnetic  field  and  the  new  orientation  provides  a magnetic 
path  with  the  least  practical  value  of  reluctance.  A heat  pipe  is  bonded  to 
the  edge  of  the  anode  to  improve  cooling  since  the  ferrite  core  would  Impede 
heat  transfer  and  to  insure  that  the  ferrite  temperature  would  remain  below  the 
Curie  point. 


The  advantages  of  this  approach  are  that  the  operation  of  the  thruster 
is  unchanged  and  no  great  weight  or  space  penalty  is  incurred.  There  will  be 
a slight  increase  In  the  Inductance  of  the  circuit.  However,  it  is  felt  that 
the  increase  will  not  be  significant. 

Dethlefson's  work  (3)  has  shown  that  the  magnetic  field  can  be  modified 
across  the  entire  thruster  chamber  by  the  addition  of  Helmholtz  coils. 

Figure  11  shows  the  placement  of  the  coils. 

The  current  for  the  coils  could  be  taken  from  the  power  conditioner  low 
voltage  supply  and  stored  in  capacitors  till  the  coils  need  to  be  energized. 

The  coil  Inductance  and  resistance  in  conjunction  with  the  capacitors  would  be 
selected  so  when  the  coil  is  switched  across  the  capacitors  just  prior  to 
Initiating  a plasma  pulse,  the  additional  magnetization  would  be  at  a relatively 
high  level  throughout  the  thrust  cycle.  The  equation  for  the  coil  current  is 
the  same  as  Eq.  2 with  L and  C selected  so  that  the  ringing  frequency  of  the 
coll  curcuit  is  much  lower  than  that  of  the  thruster  ringing  frequency. 

Figure  12  shows  the  relative  timing  and  periods  of  the  coil  and  thruster 
currents. 


THRUSTER  MODIFICATION 

Extending  the  reasoning  employed  in  Dethlefson's  work  and  combining  the 
features  of  the  flux  density  enhancement  scheme  for  the  anode,  the  following 
Is  an  engineering  recommendation  for  the  millipound  thruster  for  reducing  anode 
spot  dwell  time.  Helmholtz  colls  can  be  incorporated  with  a magnetic  core  and 
a reoriented  anode  as  shown  In  13.  The  magnetic  core  is  tape  wound  with 
laminations  .01  mm  thick  of  high  silicon,  grain  oriented,  transformer  steel. 

This  assures  good  permeability  at  elevated  temperatures  and  low  eddy  current 
losses  at  high  frequencies.  The  core  is  composed  of  about  2,500  layers. 

Starting  with  the  assumptions  that  a magnetic  flux  density  of  1 tesla  is 
needed  near  the  anode  and  that  32  turns  of  copper  wire  (#8)  could  be  reasonably 
fitted  into  the  space  at  the  anode,  the  required  coil  current  is  calculated  to 
be  1,000  amperes.  Further,  the  inductance  is  found  to  be  50  x 10"°  henries 
with  the  colls  connected  in  series.  The  resistance  will  be  about  .03  ohms. 
Utilizing  Eq.  2,  the  capadltor  required  to  provide  the  coil  current  will  be  a 
200  microfarad  unit,  charged  to  525  volts.  If  the  620  volt  supply  were  used  to 
provide  the  electrical  energy  for  the  magnetic  coil  circuit,  no  serious  problems 
would  be  anticipated. 

Figure  15  shows  the  thruster  circuit  with  the  magnetic  coil  circuit  added. 

A time  delay  of  100  microseconds  is  needed  so  that  the  magnetic  field  will  be 
approaching  Its  maximum  value  when  the  igniter  starts  the  thruster  cycle. 

Figure  16  shows  the  coil  circuit  with  a silicon  control  rectifier  (SCR) 
to  connect  the  capacitor  to  the  coil  when  a thrust  cycle  is  initiated.  The 
SCR  should  have  a minimum  rating  250  amperes  and  1000  volts.  The  diode  should 
have  a similar  rating.  The  diode  permits  recovery  of  some  of  the  energy  in 
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the  magnetic  field  and  prevents  excessive  reverse  voltage  from  being  applied 
to  the  SCR  on  the  second  half  cycle  of  the  coil  circuit  transient. 

CONCLUSIONS 

Examination  of  the  millipound  thruster  and  consideration  of  the  research 
results  of  others  show  that  insufficient  consideration  has  been  given  to  the 
magnetic  field  conditions  in  the  current  thruster  design.  Since  one  of  the 
primary  factors  in  an  electromagnetic  thruster  is  the  magnetic  field  and  since 
the  self  field  Is  dependent  entirely  on  the  discharge  current  and  therefore 
variable,  the  conclusion  Is  that  the  provision  of  a high  and  relatively 
constant  supplementary  magnetic  field  is  needed.  Thus  all  parts  of  the  arc 
stream  would  experience  a stronger  acceleration  and  move  at  a higher  velocity. 

As  a final  consideration.  Figure  17  illustrates  the  mechanism  that  is 
expected  to  function  at  the  anode.  As  Rosebrock  (4)  and  Knabe  (5)  have  observed, 
the  arc  stream  does  not  remain  perpendicular  to  the  anode  surface.  Since  the 
central  portion  of  the  arc  moves  ahead  of  the  electrode  spots,  the  arc  stream 
forms  an  acute  angle  with  the  electrode  surface.  If  there  is  a strong  transverse 
magnetic  field  In  this  region,  then  the  force  on  the  arc  stream  would  cause  it 
to  "lay  down",  as  it  were,  and  thus  cause  the  anode  spot  to  be  advanced  much 
sooner  than  if  It  were  dependent  on  the  diminishing  potential  difference  that 
Knabe  has  cited. 
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COMPONENT  SCHEMATIC 


Thruster  Circuit  Diagram 


Spacing  between  propellant  rods  = 0.  3 in.  (7.  G2  mm) 
Electrode  width  = 1.5  in.  (4.27  cm) 

Electrode  length  = 1.6  in.  (4.52  cm) 

FIGURE  6.  Electrode/Propellant  Geometry 


FIGURE  7.  Schematic  of  Propellant  Feed  System 
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FIGURE  8. 

Typical  Electrode  Erosion 


Figure  11.  Helmholtz  Coils  for  Augmenting  Magnetic  Field 

(Fuel  Rods  Not  Shown) 


Figure  12.  Thruster  Discharge  Current  and  Helmholtz  Coil 
. Current  (Current  scales  are  dissimilar) 
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FIGURE  15.  Simplified  Circuit  for  Thruster 
with  Magnetic  Coil  Circuit 
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FIGURE  16.  Coil  Circuit 
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PREPARATION  OF  SOLID  PROPELLANT  BURNING 
RATE  MODIFIERS 
by  A.  J.  Leffler 


A series  of  compounds  containing  first  row  transition  elements 
incorporated  into  boron-carbon  cage  structures  was  synthesized  as  burning 
rate  modifiers.  The  compounds  included  7,9-dlcarbollide  complexes  and  13 
vertex  compounds  derived  from  the  o-carborane  structure.  It  was  found 
that  only  the  Co(III),  Ni(III),  and  N1 ( IV)  dicarbollides  could  be  synthe- 
sized as  described  in  the  literature  while  different  results  were  obtained 
with  Cr(III)  and  Cu(III).  In  addition  the  unreported  Fe(III)  7,9- 
dlcarbollide  was  synthesized  using  a new  deprotonation  procedure  for  the 
carbol 1 ide( 1 2)  Ion.  In  the  case  of  the  13  vertex  species  using  o-n-hexyl 
carborane  the  Iron,  chromium,  and  cobalt  compounds  appear  to  be  different 
from  that  described  in  the  literature. 
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Introduction 

The  purpose  of  this  work  was  to  synthesize  a number  of  transition 
metal  dlcarbollldes  for  use  as  propellant  additives.  It  Is  well  known 
that  certain  of  the  transition  metals,  notably  Iron,  copper,  and  chromium 
as  their  oxides  and  fluorides  in  small  amounts,  increase  propellant 
burning  rates  but  at  the  same  time  decrease  the  pressure  exponent.  Boron 
hydrides  on  the  other  hand  increase  the  burning  rates  and  Increase  the 
pressure  exponent.  Therefore  it  was  hoped  that  combinations  of  these  two 
materials  would  prove  effective  in  increasing  burning  rates  but  not  the 
pressure  exponent. 

During  the  past  decade  largely  as  a result  of  the  work  by  Hawthorne 
and  his  coworkers1,  a large  number  of  compounds  containing  boron-carbon 
cages  bonded  to  transition  metals,  have  been  synthesized.  Two  classes, 
the  dicarbollldes  and  similar  13  vertex  polyhedra  compounds,  were  chosen 
for  the  present  work  because  of  their  relatively  simple  synthesis  and 
good  chemical  stability.  The  structures  are  shown  below.  It  can  be  seen 
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Figure  1 (a)  Dicarbollide  Structure 

Figure  1 (b)  13  Vertex  Structure 


that  in  the  carbollide(II)  ion  shown  in  1(a)  there  are  two  carbon  atoms 
in  the  open  face  and  these  may  be  adjacent  or  separated  by  a boron  atom. 

Both  arrangements  are  known  and  are  derived  from  starting  icosahedral 
boranes  in  which  the  carbon  atoms  are  adjacent  or  separated.  In  the 
present  work  the  separated  structure  was  used  since  the  starting  compound, 
K(7,9-B9C;>Hi2) , was  available.  In  the  synthesis  of  the  13  vertex  structure, 
o-n-hexylcarborane,  in  which  a CgHi 3 group  is  attached  to  one  of  the 
adjacent  carbon  atoms,  was  used  as  the  starting  compound  again  due  to  its 
availability. 

Results 


It  has  been  found  experimentally  that  not  all  of  the  first  row  tran- 
sition element  dicarbol 1 Ides  can  be  synthesized.  Shown  below  are  those 
listed  by  Grimes2  in  his  book  on  the  Carboranes. 

Table  I 


Derivative 

Reported  Transition  Metal 
Cr ( I I I )a  Mn (III)  Fe(III) 

Dicarbol Tides 
Co(III)  NI(III) 

N1 ( IV) 

Cu(III) 

7,8 

X 

X 

X 

X 

X 

X 

X 

7,9 

X 

X 

X 

X 

a.  The  roman  numeral  indicates  the  oxidation  state  of  the  transition 
element,  b.  Reported 

The  general  reaction  sequence  is  the  same  in  both  cases  but  details  vary 
for  the  different  metals.  The  first  step  is  ajieprotonatlon  of  the 
B9C2H12  ion  to  give  the  carbolllde  ion,  BgC2H-j Y*  This  has  been  carried 
out  either  in  aqueous  solution  using  40%  sodium  hydroxide  or  nonaqueous 
solution,  as  tetrahydrofuran,  using  sodium  hydride  as  the  base. 

(c2H5)3NHBgc2Hl2  + 2 NaOH  = Na2BgC2H11  + (C2H5)3N  + 2 H20 

(C2H5)3NHBgC2H12  + 2 NaH  = Na^gC^  + (CgHg^N  + 2 H2 

All  of  the  reactions  can  be  carried  out  using  the  nonaqueous  method  but 

the  aqueous  method  is  preferable  where  applicable  because  of  Its  con- 
venience. Only  the  chromium  compound  must  be  synthesized  with  the  non- 
aqueous procedure. 

During  the  present  work  an  alternative  nonaqueous  procedure  was 
developed  using  potassium  hydroxide  in  dimethoxyethane.  This  Is  based 
on  the  procedure  of  Jolly3  who  showed  that  potassium  hydroxide  In  non- 
aqueous media  is  a much  stronger  base  than  In  water.  It  is  more 
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convenient  than  the  sodium  hydride  method  because  It  is  simpler  to  dispose 
of  the  unreacted  hydroxide  than  unreacted  hydride. 


The  second  step  in  the  reaction  is  the  formation  of  the  dlcarbolllde 
complex  by  reaction  with  the  corresponding  transition  metal  chloride 
followed  by  precipitation  as  the  tetramethyl ammonium  ion. 

2 NagBgCgH^  + MC12  ^ Na[M(BgC2H11 )2]  + 2 NaCl  + Na+ 

Na[M(BgC2H11  )2]  + (CH3)4NC1  = (CH^N^BgC^ ] )g]  ♦ NaCl 

In  general  the  oxidation  of  the  transition  metal  to  the  +3  state  occurs 
apparently  due  to  the  much  higher  stability  of  the  latter. 


During  the  presert  work  the  7,9  derivatives  of  Co(III)  and  Ni(III) 
were  prepared  as  described  by  Hawthorne4  using  the  aqueous  procedure 
although  the  yields  were  lower  than  given  in  the  literature.  The  products 
are  air  stable  but  it  was  found  on  one  occasion  that  the  nickel  salt 


ignited  in  air  after  being  removed  from  a vacuum  oven.  This  has  not  been 
reported  in  the  literature  but  may  be  due  to  catalytic  amounts  of  transi- 


tion metal  ions.  On  another  occasion  a sample  of  tetramethyl ammonium 
carbolllde,  (CH3).-NBgC2H,2,  contaminated  with  Cr3+  Ions  also  ignited 
after  removal  from  the  6v£n.  In  later  preparations  much  more  extensive 


washing  of  the  products  was  carried  out  and  no  further  difficulties  were 


encountered. 


The  nickel  compound  described  above  was  converted  to  the  N1 ( IV ) 
species  by  the  reaction: 

(CH3)4N[N1  (BgC2H11  )2]  + FeCl3  - NKBgC^^  + FeCl2*  (CH^NCl 

Again  this  compound  was  found  to  be  pyrophoric,  once,  but  not  after  more 
careful  washing. 

As  mentioned  earlier  the  aqueous  procedure  cannot  be  used  when  the 
dlcarbolllde  complex  is  unstable  in  aqueous  strong  base.  This  was  found 
to  be  the  case  with  the  7,9  chromium  complex.  Hawthorne5  has  reported 
that  the  chromium  dlcarbolllde  complexes  formed  from  both  the  7,8  and 
7,9  carbollide(II)  ions  are  stable  in  acid  solution  but  In  the  present 
work  the  latter  species  formed  a complex  that  appeared  to  hydrolyze 
instantly.  A number  of  attempts  were  made  to  prepare  the 
[Cr(7,9"BgC2H,1 )2]"  ion.  These  included  both  the  sodium  hydride  and 
potass 1 urn  hydrAxTde  deprotonation  procedures.  In  the  former  case 
dimethoxyethane  was  used  as  the  solvent  and  the  reaction  proceeded  as 
described  in  the  literature  in  that  a purple  residue  was  left  when  the 
solvent  was  removed.  However,  when  water  was  added  as  described  In  the 
procedure  the  solution  turned  blue  instantly  indicating  hydrolysis. 
Apparently  the  7,9  isomer  Is  not  as  stable  as  the  7,8  species,  since  a 
number  of  instances  of  the  latter  being  treated  with  water  are  given, 


31-6 


while  only  one  mention  Is  made  of  the  former.  It  was  finally  found 
possible  to  Isolate  the  complex  by  treating  the  residue  with  acetone 
and  filtering  off  the  sodium  chloride.  A brown  residue  of  unknown 
purity  was  obtained  by  removal  of  the  acetone.  The  material  was 
i [mediately  hydrolyzed  on  contact  with  water, 

The  7,9  dicarbolllde  complex  of  Fe(III)  was  prepared  during  this 
work  using  the  potassium  hydroxide-dimethoxyethane  procedure.  Professor 
Hawthorne^  has  also  prepared  this  complex  although  it  Is  not  described 
in  the  literature.  It  is  water  stable  and  relatively  thermally  stable. 

It  was  attempted  to  prepare  the  Cu(III)  complex  by  the  aqueous 
method  described  for  the  7,8  complex  but  the  product  was  not  similar  to 
that  described  in  the  literature.  A light  brown  material  was  obtained 
that  did  not  correspond  to  the  desired  product  even  though  an  Infrared 
spectrum  indicated  B-H  bonds. 

One  attempt  was  made  to  prepare  the  manganese  dicarbolllde  complex 
but  only  manganese  dioxide  was  obtained. 

The  second  class  of  compounds  investigated  are  the  13  vertex 
metal locarboranes  described  by  Hawthorne  and  his  coworkers?.  In  these 
compounds  the  12  vertex  icosahedron  is  expanded  through  the  reaction 
sequence: 

ClnHR  . 

2 Na  + o-B^CgH^  = 0 2 Na  + 

FeCl g + 2 o-B^H^  = Fe(B10C2H12)=  + 2 Cl’ 

The  product  Is'  precipitated  as  the  tetraethyl  ammonium  complex.  In  the 
original  work  o-carborane  was  the  material  used  but  In  the  present  work 
o-n-hexylcarborane  was  used  due  to  Its  availability.  The  reaction  with 
metallic  sodium  went  as  described  with  a slow  dissolution  of  the  metal 
over  about  24  hours.  The  addition  of  ferrous  chloride  gave  a red 
solution  rather  than  the  purple  oil  described  in  the  literature.  After 
the  tetrahydrofuran  solvent  was  removed  the  residue  was  taken  up  In 
absolute  ethanol  and  added  to  tetraethyl  ammonium  bromide  In  alcohol  but 
no  precipitate  was  formed.  The  change  In  color  and  solubility  could  be 
due  to  the  presence  of  the  n-hexyl  group  although  it  would  be  expected 
that  a highly  charged  ionic  species  would  not  be  very  soluble  In 
alcohol.  The  alcoholic  solution  was  chromatographed  to  give  a dark  red 
solution  when  concentrated  but  blue  when  dilute  in  chloroform  or  ethanol. 
At  this  point  the  reason  for  the  color  change  Is  unknown  but  may  be  a 
solvolysis  effect.  The  final  product  was  dark  red  and  showed  a strong 
B-H  stretch  in  the  infrared.  It  is  rapidly  hydrolyzed  In  contrast  to 
the  compound  formed  from  o-carborane. 
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A similar  reaction  with  chromium  trichloride  gave  a brown  solution 
that  decomposed  during  chromatography  when  ethanol  was  used  In  the  eluent 
solution.  Chromatography  with  chloroform  gave  a reddish  viscous  liquid 
that  may  be  polymeric.  Again  infrared  showed  B-H  bonds  and  a qualitative 
test  with  silver  nitrate  showed  very  little  chloride  ion. 

Discussion 

The  synthesis  of  the  7,9  dlcarbollides  Is  straightforward  in  the 
case  of  Co(III),  NI(III),  and  Ni(IV)  species  although  the  yields  were 
somewhat  lower  than  stated  in  the  literature.  The  behavior  of  the 
Cr(III)  complex  is  totally  different  from  that  described  and  at  present 
no  explanation  is  available.  Both  the  unreported  Fe(III)  and  the  Cr(III) 
complexes  were  prepared  by  the  potassium  hydroxide  deprotonation  method 
developed  in  this  work. 

Unfortunately  no  determination  of  the  purity  of  the  products  can  be 
made  since  no  analytical  data  has  been  received.  The  thermogravlmetric 
analyses  show  that  little  weight  is  lost  by  these  complexes  until  about 
300°C  except  for  the  Ni(IV)  species  which  sublimes  about  175#C.  The 
differential  thermal  analyses  results  for  Fe(III)  and  Co(III)  show  an 
endotherm  at  100-50°C  indicating  perhaps  a crystal  structure  change. 

In  the  case  of  N1 ( I V)  an  exotherm  occurs  at  75®  and  an  endotherm  at 
200°C  but  no  explanation  for  these  is  available. 

The  nature  of  the  products  from  the  n-hexyl  carborane  reactions  is 
not  known.  It  is  possible  that  the  presence  of  the  n-hexylgroup  could 
change  the  course  of  the  reaction.  More  information  will  be  needed  be- 
fore any  decision  can  be  made. 

Experimental  Section 

Potassium  carbollide,  K(7,9-8qC2H,2) , and  o-n-hexyl  carborane  came 
from  previous  workers  and  were  of  QnxnAwn  but  presumably  high  purity.  The 
transition  metal  salts  were  reagent  grade.  During  this  work  1ron(II), 
manganese(II),  and  chromium( III ) chlorides  were  dehydrated  by  treatment 
with  thionyl  chloride  as  described  in  the  11terature8.  Dlmethoxyethane 
(M1M)  was  obtained  from  Aldrich  Chemical  Co.  and  distilled  from  calcium 
hydride  with  the  fraction  boiling  81-2°  (3000'  alt.)  used.  Tetrahydrofuran 
was  Baker's  reagent  grade  and  was  used  as  received.  Cobalt  tr1s(acetyla- 
cetonate)  was  obtained  from  Research  Organic/Inorgannlc  Chemical  Corp. 

Infrared  spectra  were  run  on  a Beckman  IR-5  instrument. 

KtFe(7,9-B9C2H11)2] 


In  a 500  ml.  3 neck  flask  equipped  with  stirrer,  condenser,  and 
nitrogen  inlet,  26.5  g.  of  ground  potassium  hydroxide  was  slurried  with 
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75  ml.  of  M1M.  With  stirring  a slurry  of  5.4  g.  of  potassium  carbolllde 
in  75  ml.  of  M1M  was  added  and  the  mixture  heated  for  one  hour.  The 
mixture  showed  a change  in  appearance  but  not  In  color.  A solution  of 
6.1  g.  of  anhydrous  ferrous  chloride  In  75  ml.  of  M1M  was  added  dropwlse 
through  an  addition  funnel  equipped  with  a by  pass  side  arm  under 
nitrogen  flow.  The  mixture  was  stirred  and  heated  for  1.5  additional 
hours  and  turned  pink  at  the  end  of  the  reaction  period.  The  solution 
was  decanted  from  the  residual  solids  and  gradually  turned  red,  On 
cooling  a white  solid  gradually  precipitated  and  was  filtered  off.  The 
solvent  was  removed,  first  at  atmospheric  pressure  and  then  under  vacuum. 
The  residue  was  taken  up  in  100  ml.  of  water,  filtered,  and  dried  In  a 
rotary  evaporator  under  reduced  pressure.  The  residue  was  then  treated 
with  ether,  filtered,  and  dried  to  give  a brown  product.  An  Infrared 
spectrum  showed  a band  at  2450  cm-1  indicating  B-H  bonds. 

(CH3)4N[Co(7,9-B9C2H1]  )2] , (CH3)4N[Ni(7.9-BgC2H11 )2] . 


N1(7,9-BgC2H11)2 

All  of  these  were  prepared  using  the  aqueous  procedure  described  In 
the  literature4.  As  was  noted  In  the  discussion  the  yields  of  the  Co(Ill) 
and  M(III)  compounds  were  lower  than  described.  No  explanation  Is 
presently  available. 

Attempted  Preparation  of  (C0Hg)^N[Cu(7  ,9-B9C2H11 )2] 


A mixture  of  21.5  g.  of  tri ethyl  amine  and  200  ml  of  water  was 
neutralized  with  a slight  excess  of  a solution  of  about  200  ml  of 
hydrochloric  acid  in  a 1 1.  flask.  A solution  of  29.9  g.  of  potassium 
carbol 1 ide( 1 2 ) in  200  ml  of  water  was  added  to  the  trlethylamine 
hydrochloride  solution  and  the  resultant  precipitate  of  trlethyl- 
ammonium  carboll 1 de( 12)  filtered  and  sucked  dry.  It  was  then  added  to 
a solution  of  123  g.  of  sodium  hydroxide  in  180  ml.  of  water  In  a 1 1. 
flask  and  the  resultant  solution  heated  and  sparged  with  nitrogen  until 
no  more  trlethylamine  was  evolved  as  determined  by  pH  paper.  The 
solution  was  cooled  to  0°  and  to  it  was  added  a solution  of  44.6  g.  of 
copper  sulfate  pentahydrate  in  about  175  ml.  of  water.  During  the 
addition  the  solution  grew  red  and  then  dark  green  with  considerable 
evolution  of  heat.  However,  the  addition  of  tetraethyl ammonl um  bromide 
to  a cooled  portion  gave  no  precipitate  as  described  In  the  literature. 
It  was  noted  that  when  additional  sodium  hydroxide  was  added  to  the 
solution  it  turned  blue.  When  a portion  of  this  solution  was  then 
treated  again  with  tetraethyl  ammonium  bromide  a brown  precipitate  was 
formed.  This  was  dissolved  in  acetone  and  the  insoluble  residue 
filtered  off.  The  acetone  was  removed  to  give  a light  brown  solid. 
Chromatography  of  a portion  of  this  material  using  Gelman  Type  S ITLC 
thin  layer  sheets  using  hexane-acetone  eluent  showed  a movable  yellow 
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portion  that  turned  brown  and  stopped  at  the  liquid  front.  Presumably 
the  yellow  material  was  converted  to  the  brown  one  during  the  chromato- 
graphic process.  At  this  point  the  nature  of  the  product  Is  unknown. 


Attempted  Preparation  of  (CH^J^N [Cr(7  .9-BgC2H11 )21 


Using  the  same  procedure  described  In  the  Fe(III)  preparation,  a 
solution  of  potassium  carbolllde(H)  was  formed  from  24.6  g.  of  potassium 
hydroxide  and  17.1  g.  of  potassium  carbollidel'2)  In  150  ml.  of  M1M. 


The  solution  was  then  decanted  from  the  excess  potassium  hydroxide  and 
6.9  g.  of  chromium  trichloride  added  in  small  portions.  The  reaction 
mixture  was  filtered  through  a coarse  frit  and  the  M1M  removed  in  vacuo. 
The  residue  was  dissolved  in  acetone,  filtered,  and  dried  In  vacuo  to 
give  a brown  material  that  is  extremely  water  sensitive. 
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Reaction  of  o-n-hexyl  carborane  with  Sodium  and  Ferrous  Chloride 

In  a 1 1.  3 neck  flask  equipped  with  stirrer,  condenser,  and 
nitrogen  Inlet  was  placed  8.7  g.  of  sodium  metal,  1.1  g.  of  naphthalene 
and  650  ml.  of  tetrahydrofuran.  To  this  was  added  41.1  g.  of  o-n-hexyl 
carborane  and  the  mixture  heated  slightly  and  allowed  to  stir  for  60  hours 
until  all  of  the  sodium  had  reacted.  Then  14.2  g.  of  ferrcus  chloride 
was  added  and  the  mixture  turned  red.  It  was  stirred  for  16  hours  and 
filtered  through  a Celite  filter  aid.  The  tetrahydrofuran  was  removed 
by  pumping  to  give  a viscous  red  solution.  A small  portion  was  dissolved 
in  absolute  ethanol  and  added  to  a large  excess  of  tetraethyl  ammonium 
bromide  in  ethanol  to  give  a blue  solution  rather  than  the  precipitate 
described  in  the  literature.  The  original  solution  in  alcohol  was  pumped 
to  dryness  and  portions  were  chromatographed  using  a 40  cm.  column  of 
SilicAR  CC  4 100-200  mesh  as  received.  The  solution  was  placed  on  the 
column  using  chloroform  and  eluted  using  a 50/50  v/v  chloroform  absolute 
ethanol  solution.  The  solution  from  the  column  was  blue  but  turned  red 
on  evaporation  to  dryness  to  give  a solid  that  showed  bands  at  2930, 

2830,  2560,  1610,  1460,  1415,  1315,  and  1060  cm"1  in  the  Infrared  as  a 
solution  in  carbon  tetrachloride.  A flame  test  showed  the  presence  of 
boron. 
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ELECTROCHEMICAL  STUDIES  IN 
ANHYDROUS  LIQUID  HYDRAZINE 


by 

John  R,  Dodd 


ABSTRACT 


Anhydrous  hydrazine  Is  now  well-established  as  a monopropellant  for 
rocket  propulsion  systems.  The  corrosivity  of  hydrazine  and  Its  tendency 
to  undergo  decomposition  upon  storage  for  long  periods,  however,  limit 
the  usefulness  of  hydrazine  as  a propellant  for  use  In  long-term  space 
missions  (7-10  years).  It  has  been  postulated  In  recent  years  that  the 
hydrazonlum  Ion  (NaHs+)  Is  probably  the  primary  corrosive  species  In 
hydrazine  that  Is  responsible  for  these  undesirable  properties.  In 
order  to  further  define  the  role  of  the  hydrazonlum  Ion  in  corrosion 
and  to  characterize  the  suitability  of  various  hydrazine  samples  as 
propellants.  It  would  be  very  useful  to  have  a simple  and  direct 
analytical  method  for  determining  the  level  of  the  hydrazonlum  Ion  in 
hydrazine. 

In  this  project,  the  electrochemical  technique  of  single-sweep 
polarography  was  used  to  study  the  electrochemical  behavior  upon  reduction 
of  anhydrous  hydrazine  and  hydrazine  solutions  containing  various  added 
electroactive  materials.  The  results  of  an  earlier  feasibility  study  In 
this  area  Indicated  that  the  hydrazonlum  Ion  In  hydrazine  exhibits  a 
well-defined  polarographlc  reduction  wave  at  approximately  -0.7V  and  that 
consequently  single-sweep  polarography  appeared  to  be  feasible  as  a 
technique  for  the  determination  of  the  hydrazonlum  Ion  concentration  In 
anhydrous  hydrazine.  In  contrast,  the  results  of  further  experiments  In 
the  present  study  Indicate  that  the  hydrazonlum  Ion  Is  In  fact  reduced 
at  a much  more  negative  potential  (approximately  -1.6V)  and  that  this 
reduction  occurs  in  a potential  region  where  the  hydrazine  solvent 
(and/or  Impurities  In  hydrazine)  undergoes  decomposition  to  such  a large 
extent  as  to  prevent  the  observation  of  a well-defined  wave  for  this 
reduction  process.  Consequently  the  use  of  simple  single-sweep 
polarography  does  not  appear  to  be  feasible  as  an  analytical  method  for 
determining  the  level  of  hydrazonlum  Ion  In  anhydrous  hydrazine. 
Differential  single-sweep  polarography  may  provide  a means  of  overcoming 
the  above  problem  and  studies  of  anhydrous  hydrazine  using  this  latter 
type  of  polarography  should  be  Investigated  In  this  regard. 
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The  catalytic  decomposition  of  hydrazine  has  become  one  of  the  most 
Important  processes  for  rocket  propulsion  In  outer  space  (e.  g.  for 
attitude-control  rockets,  etc,)  The  tendency  for  propellant-grade 
hydrazine  to  undergo  decomposition  and  to  cause  corrosion’  (hydrogen 
embrittlement)  upon  storage  for  long  periods,  however,  limits  the 
usefulness  of  this  monopropellant  In  long-term  (7-10  years)  space 
missions.  Thus  for  example  decomposition  of  hydrazine  In  propellant 
systems  (which  affords  nitrogen,  hydrogen,  and  ammonia  gases)  can  lead 
to  pressure  Increases  wlthtn  the  fuel  tanks  severe  enough  to  cause 
ruptures  In  the  fuel  system,  and  the  corrosion  process  of  hydrogen 
embrittlement  can  lead  to  ruptures  In  the  fuel  lines.  Both  of  these 
events,  of  course.  If  sufficiently  severe  will  lead  to  mission  failure. 

Several  substances  that  are  normally  present  as  Impurities  In 
propellant-grade  hydrazine  are  known  to  Increase  Its  Instability  and 
corrosivity1.  The  two  most  Important  substances  In  this  respect  are 
water  and  carbon  dioxide'.  In  recent  years  It  has  been  postulated'*  2 
that  the  primary  corrosive  species  In  liquid  hydrazine  Is  probably  the 
hydrazonlum  Ion  (NaH,+),  which  In  hydrazine  solution  Is  the  analogue 
of  the  well-known  hydronlum  Ion  (H»0+)  present  In  aqueous  solutions,  - 
Both  water  and  carbon  dioxide  when  added  to  hydrazine  are  believed  ’ 
to  be  capable  of  affording  the  hydrazonlum  Ion  according  to  equations 
(1)  and  (2),  respectively. 


H20  + N2H4  N2H5+  + OH’  (1) 

C02  + 2N2H4  N2H5+  + H2N2HC00"  (2) 


Although  the  hydrazonlum  Ion  has  been  postulated  to  be  the  primary 
corrosive  species  In  hydrazine,  the  extent  to  which  the  presence  of 
this  ion  enhances  the  corrosivity  and  decomposition  rate  of  hydrazine 
remains  unknown.  The  availability  of  a simple  and  direct  method  for 
determining  the  level  of  hydrazonlum  Ion  In  hydrazine  would  permit 
detailed  studies  to  determine  the  Influence  of  this  Ion  upon  the 
corrosivity  and  decomposition  of  hydrazine  and  to  monitor  the 
suitability  of  hydrazine  samples  for  use  In  propellant  systems.  In 
this  research  project  the  use  of  single-sweep  polarography  Is  Investigated 
as  a possible  analytical  technique  for  determining  the  level  of 
hydrazonlum  Ion  In  hydrazine. 

Single-sweep  polarography  Is  a type  of  voltammetry  In  which  the 
current  passing  through  a test  solution  Is  measured  as  a function  of 
the  applied  potential.  In  this  electrochemical  technique,  a dropping 
mercury  electrode  (dme)  Is  used  as  a cathode  and  a 
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mercury  pool  In  the  bottom  of  the  polarographlc  cell  Is  used  as  the 
anode.  In  single-sweep  polarography,  the  complete  current-voltage 
curve  Is  obtained  during  the  lifetime  of  a single  drop  of  mercury 
falling  from  the  dme  (i.  e.  less  than  "7  sec)  using  an  oscilloscope 
to  store  and  display  the  current-vol tage  curves. 

A typical  single-sweep  polarogram  (1.  e.  the  measured  current-vol tage 
curve)  for  an  electroactive  species  such  as  cadmium  Ion  (Cd++)  Is  shown 
In  Figure  1.  In  the  case  of  a reduction  process  (e.g.  Cd++  ♦ 2e"-^Cd°) 
at  the  dme,  there  is  a rapid  increase  In  current  at  potentials  sufficiently 
negative  for  the  reduction  process  to  occur.  As  Increasingly  more 
negative  potentials  are  attained  in  a scan,  the  current  rises  further, 
reaches  a maximum  value,  and  then  after  undergoing  a decrease  In  value, 
attains  a steady  limiting  value  which  depends  upon  the  rate  of  diffusion 
of  the  electroactive  species  to  the  dme.  The  curve  which  results  excluding 
the  baseline  portion  is  known  as  a polarographlc  wave. 


Figure  1:  A typical  single-sweep  polarogram. 


Two  Important  quantities  associated  wtth  a polarographlc  wave  are 
the  peak  potential  (Ep)  and  the  peak  current  (I  ) which  are  Illustrated 
in  Figure  1.  For  a specific  set  of  experimental  conditions  (solvent, 
temperature,  etc.),  the  value  of  the  peak  potential  Is  a characteristic 
constant  for  a given  electroactive  species.  Thus,  the  presence  or 
aosence  of  a polarographlc  wave  at  the  peak  potential  value  associated 
with  a particular  electroactive  species  can  be  taken  as  evidence  for 
the  presence  or  absence  of  this  species  in  a given  test  solution. 

The  peak  current  (Ip)  of  a polarographlc  wave  Is  an  Important 
quantity  because  It  Is  related  to  the  concentration  of  the  electroactive 
species  responsible  for  the  wave.  For  a species  undergoing  a 
reversible  reduction  In  single-sweep  polarography,  the  Randles-Sevclk 


Equation4  Is  applicable  (equation  3)  In  which  there  Is  a dtrect 
proportionality  between  the  peak  current  (Ip)  and  the  concentration 
(C)  of  the  electroactive  species, 

Iw  - 2. 687X1 05  n 3/2  A D 1/2  v 1/2  C (3) 


In  this  equation,  Ip  Is  the  peak  current  measured  In  microamperes  (yA), 
n Is  the  number  of  electrons  tnvolved  In  the  reduction  process,  A Is 
the  surface  area  of  the  electrode  (the  dme  In  the  present  study)  In 
square  centimeters,  D Is  the  diffusion  constant  of  the  electroactive 
species  In  square  centimeters/sec, v Is  the  sweep  rate  used  In  obtaining 
the  polarogram  In  volts/sec,  and  C Is  the  concentration  of  the  electroactive 
material  In  mill Imol e/1  Iter. 

For  reduction  processes  that  are  Irreversible,  the  Randles-Sevclk 
equation  Is  not  applicable.  Randles  has  found4,  however,  that  there  Is 
still  an  approximate  direct  proportionality  between  the  measured  peak 
current  (Ip)  and  the  concentration  (C)  of  the  electroactive  species  for 
all  cases  Involving  Irreversible  reductions  that  he  Investigated.  It  thus 
appears  that  the  peak  current  will  vary  In  an  approximate  linear  fashion 
with  concentration  of  the  electroactive  species  regardless  of  whether  the 
reduction  process  being  Investigated  Is  a reversible  or  an  Irreversible  one. 

A study  to  determine  the  feasibility  of  measuring  the  hydrazonlum  Ion 
concentration  In  hydrazine  using  slngle^sweep  polarography  was  conducted 
last  year  by  Whltnack  . Whltnack  found2  that  RPL-purlfled  anhydrous 
hydrazine  exhibited  polarographlc  waves  at  -0.73V  and  -1,45V  (versus 
mercury  pool)  with  the  latter  wave  being  of  much  greater  Intensity. 

Addition  of  hydrazonlum  salts  (NoH^HCl,  Npfy'I^SO.,  and  N2H4«2HC1)  to 
anhydrous  hydrazine  resulted  In  Increases  In  the  wave  heights  of  the 
waves  at  -0.73V  and  -1.45V  as  small  quantities  of  the  salts  were  added. 
Whltnack  also  found  that  the  successive  addition  of  small  amounts  of 
water  and  carbon  dioxide  to  anhydrous  hydrazine  resulted  In  Increased 
wave  heights  of  the  wave  at  -0.73V.  On  the  basis  of  these  results, 

Whltnack  postulated  that  the  wave  at  -0.73V  Is  due  to  the  reduction  of 
the  hydrazonlum  Ion  at  the  dme  (equation  4)  and  that  the  wave  at  -1,45V 
Is  probably  due  to  the  reduction  of  H?+  (equation  5).  Since  his  results 
suggested  that  the  hydrazonlum  ion  exhibits  a well-defined  polarographlc 


N2H4  + H* 


Hg  + e 


wave  at  a potential  that  Is  accessible  electrochemlcally  In  liquid 
hydrazine,  Whltnack  concluded^  that  single-sweep  polarography  should 
be  feasible  as  a method  of  determining  the  hydrazonlum  Ion  concentration 
In  hydrazine. 
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OBJECTIVES 


o 

In  view  of  the  above  feasibility  study  , It  was  planned  that  the 
summer  research  project  would  Involve  studytng  the  effect  of  various 
additives  (selected  solids,  liquids,  and  gases)  upon  the  hydrazonlum 
Ion  concentration  In  anhydrous  hydrazine;  single-sweep  polarography 
would  be  utilized  to  monitor  the  level  of  the  hydrazonlum  Ion.  The 
results  of  our  Initial  studies  (vide  Infra),  however,  Indicated  that 
the  polarographlc  wave  at  -0.73V  in  anhydrous  hydrazine  may  not  be  due 
to  the  hydrazonlum  Ion,  Further  experiments  were  conducted  which 
provide  strong  evidence  that  the  wave  at  -0.73V  In  hydrazine  is  not 
due  to  the  reduction  of  the  hydrazonlum  Ion,  and  that  this  species  Is 
reduced  at  a much  more  negative  potential.  A consequence  of  this 
finding  Is  that  normal  single-sweep  polarography  does  not  appear  to 
be  useful  as  a method  for  the  determination  of  the  hydrazonlum  ion 
concentration  In  hydrazine. 


EXPERIMENTAL 


The  anhydrous  hydrazine  used  In  this  study  was  obtained  by  distill ati 
of  propellant-grade  hydrazine  under  nitrogen  from  molecular  selves 
(Linde  3A,  dried  previously  at  400°).  Analysis  of  the  purified  hydrazine 
Indicated  a purity  of  99.3%.  This  hydrazine  was  found  to  contain  the 
following  Impurities:  ani!1ne(.040%),  water  (.45%),  and  other  unspecified 

Impurities  (.1%).  The  specific  conductivity  of  this  purified  hydrazine 
was  measured  to  be  4.26  x 10"^  mhos. 

The  hydrazonlum  salts  used  In  this  study  were  recrystallized  from 
water  and  dried  overnight  In  vacuo  at  “110°.  Each  exhibited  a melting 
point  (decomposition)  in  agreement  with  literature  values.  Other  salts 
used  In  this  study  were  reagent-grade  chemicals  which  were  used  without 
further  purification. 

The  single-sweep  polarograph  used  in  these  studies  Is  a Chemtrix 
Model  SSP-5A  polarograph  equipped  with  a Type  105  mercury  dropper.  The 
capillary  of  the  dme  had  a 7 sec  drop  time  In  distilled  water  (open 
circuit).  A Hewlett-Packard  Model  7Q47A  X-Y  recorder  was  interfaced 
with  the  polarograph  and  used  to  record  polarograms  on  chart  paper. 

In  a typical  experiment,  a 5ml  quartz  polarographlc  cell  that  had 
been  oven-dried  at  100°  was  attached  while  still  hot  to  a nitrogen  line 


at  the  gas-inlet  sldearm  of  the  cell,  i The  nitrogen  gas  used  In  all 
experiments  was  treated  to  remove  oxygen,  carbon  dioxide,  and  water  by 
passage  through  a tube  of  copper  turnings  at  450°  and  through  tubes  of 
magnestum  perchlorate  and  ascarlte,  A polyethylene  cap  having  a hole 
In  Its  center  was  attached  to  the  top  of  the  polaroqraphlc  cell.  The 
captllary  of  the  dme  was  Inserted  through  thts  hole  and  positioned  near 
the  bottom  portion  of  the  cell. 

! 

A small  amount  of  triple-distilled  mercury  was  added  to  the  bottom 
of  the  cell  to  serve  as  the  mercury  pool.  A 1.0  ml  sample  of  anhydrous 
hydrazine  or  a solution  containing  anhydrous  hydrazine  was  added  to  the 
polarographlc  cell  below  the  nitrogen  blanket  using  a 1ml  gas-tight 
syringe  equipped  with  a length  of  small  diameter  teflon  tubing.  (A  metallic 
syringe  needle  was  used  In  earlier  experiments  until  It  was  discovered  to 
be  having  an  undesirable  effect  upon  the  hydrazine  sample.)  The  anhydrous 
hydrazine  solutions  were  prepared  and  stored  until  used  In  a glove-box 
under  nitrogen.  All  experiments  were  conducted  with  a nitrogen  atmosphere 
being  maintained  In  the  polarographlc  cell.  For  test  solutions  containing 
only  hydrazine  as  solvent,  no  degassing  was  done.  Other  solutions  were 
degassed  by  bubbling  nitrogen  Into  the  solution  for  at  least  1 minute. 

The  capillary  tube  of  the  dme  was  positioned  to  give  a steady 
dislodging  of  mercury  drops  by  the  drop  knocker.  The  control  setting  of 
the  drop  knocker  was  adjusted  such  that  the  drop  time  was  slightly 
shorter  than  the  natural  drop  time  In  the  potential  range  of  Interest 
(usually  3-5  seconds/drop).  The  electrode  leads  were  connected  and 
then  checked  to  make  sure  that  proper  electrical  contact  resulted. 

All  potentials  reported  are  In  volts  relative  to  the  mercury  pool. 


RESULTS  AND  DISCUSSION 


The  single-sweep  polarography  of  anhydrous  hydrazine  and  hydrazine 
solutions  of  hydrazonium  salts  was  first  Investigated  in  order  to  determine 
the  relative  sensitivity  In  the  peak  current  of  the  wave  at  -0.73V  (which 
had  been  previously  attributed  to  the  hydrazonium  ion)  to  changes  In  the 
concentration  of  the  hydrazonium  Ion.  Several  hydrazonium  salts 
(^2H4* HC1 , N^H^-H-SO^  and  N2H4’2HC1)  were  used  in  this  study.  Each  of 
these  salts  is  known  to  behave  as  a strong  electrolyte  in  anhydrous 
hydrazine  on  the  basis  of  previous  conductivity  studies5  and  should 
undergo  virtually  quantitative  dissociation  in  hydrazine  solution  to 
form  an  equivalent  amount  of  the  hydrazonium  ion  (NpHg)  In  addition  to 
the  corresponding  anion.  (2  equivalents  of  N2H5  In  case  of  N0H4 * 2HC1 ) . 

The  finding  that  hydrazine  behaves  as  a highly  ionizing  solvent  similar 
to  water  and  liquid  ammonia  is  consistent  with  Its  possessing  a high 
dieletrlc  constant  (r  = 53). 5 

In  these  Initial  experiments,  the  polarogram  of  anhydrous  hydrazine 
was  examined  in  the  range  of  0 to  -IV  and  then  changes  In  this  polarogram 
were  studied  as  small  amounts  of  a hydrazonium  salt  were  added  in 
incremental  portions.  In  cases  where  the  hydrazine  was  brought  Into 
contact  with  a metal  syringe  needle,  the  re  ulting  hydrazine  sample 
was  found  to  exhibit  a low  intensity  wave  at  "-.6  to  -.7V.  Anhydrous 
hydrazine  not  contacted  with  a metallic  surface,  however,  did  not 
exhibit  any  detectable  polarographic  wave  over  the  potential  range 
0 to  -IV  even  at  the  highest  sensitivity  setting. 

In  one  experiment  as  a typical  example,  the  anhydrous  hydrazine  sample  was 
initially  found  to  exhibit  a polarographic  wave  at  -0.58V  of  low  Intensity 
(I  <lyA).  (This  wave  presumably  corresDonds  to  the  wave  at  -0.73 V previously 
reported  by  Whitnack2)  Addition  of  3.0mg  of  hydrazine  di hydrochloride  to 
this  hydrazine  (1.0ml)  afforded  a wave  of  narrower  peak  width  at  the  same 
potential  with  a slight  decrease  in  Intensity  from  the  initial  value. 

Addition  of  further  amounts  of  N2H4 • 2HC1  failed  to  Increase  the  height  of 
this  wave  as  the  data  in  Table  1 indicates.  Similar  results  were  obtained 
when  N2H^’HC1  and  N2H4* H2S04( 1 -1 Omg)  were  added  to  anhydrous  hydrazine. 


Table  1 

PEAK  CURRENTS9  OF  POLAROGRAPHIC  WAVE 
AT  -0.58V  OF  HYDRAZINE  DI HYDROCHLORIDE- 
HYDRAZINE  SOLUTIONS. 

Milligrams  N2H4*2HC1  Ipb 


a.  Polarographic  settings  were  as  follows:  start  potential,  0.1V;  potential 

range,  0.5V;  sensitivity,  0.2yA/div1s1on;  drop  time  delay,  1 sec;  scan  time, 
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0.2  sec/division;  recorder  sensitivity,  1 yolt/inch.  b.  peak, 
currents  are  measured  in  units  of  chart  divisions  (10  divisions/inch). 


The  above  polarographlc  wave  at  -0.58V  thus  appears  to  be  very 
Insensitive  to  changes  in  the  concentration  of  the  hydrazonlum  Ion. 

Addition  of  3mg  of  2HC1  to  1.0ml  of  hydrazine  corresponds  to  a 
2.86  x lO^M  solution  of  this  salt.  Assuming  complete  dissociation 
of  this  strong  electrolyte  In  hydrazine  to  afford  the  hydrazonlum  2 
ion  CN2H  ) . one  would  expect  to  have  a solutton  that  Is  5,72  x 10'^M 
In  hydrazonlum  Ion  (NpHr* }.  An  elestroacttve  species  present  at  this 
high  concentration  normally  affords0  a very  Intense  polarographlc  wave 
In  which  the  measured  peak  current  varies  with  the  concentration  of 
the  electroactive  species  (I  ts  directly  proportional  to  C If  the 
Randles-Sevcik  equation4  Is  Bbeyed),  In  the  present  case,  however, 
even  at  concentrations  10“^W  and  higher  In  ^Hg  , the  wave  at  -0,58V 
Is  only  observed  under  conditions  of  high  sensitivity  Chi gh  gain), 
and  the  peak  current  of  thts  wave  does  not  vary  tn  Intensity  appreciably 
with  changing  concentration  of  the  hydrazontum  Ion. 

In  later  experiments  with  anhydrous  hydrazine  that  had  not  been 
exposed  to  a metallic  syringe  needle,  the  change  In  the  intensity  of 
this  wave  upon  addition  of  a hydrazonium  salt  was  qualitatively  similar 
to  the  above.  In  this  case,  the  anhydrous  hydrazine  did  not  Initially 
exhibit  any  wave  over  the  range  of  0 to  -IV  under  high  gain  (.Q5yA/divis1on) , 
and  the  polarogram  of  the  anhydrous  hydrazine  In  this  range  was  essentially 
a straight  line  having  a slight  positive  slope.  Addition  of  0.8mg  of 
hydrazine  sulfate  (N2HVH2SO4)  afforded  a barely  detectable  wave  at  -0.73V. 
Additions  of  further  small  portions  of  hydrazine  sulfate  Increased  this 
wave  helgnt  only  very  slightly.  After  a total  of  7,lmg  of  hydrazine 
sulfate  had  been  added,  the  measured  peak  current  was  only  0.25vA.  The 
above  results  thus  suggested  that  perhaps  the  wave  at  approximately  -0.73 V 
Is  not  associated  with  the  reduction  of  the  hydrazonlum  Ion. 

Two  other  possible  causes  might  be  responsible  for  the  observed 
Insensitivity  of  the  wave  at  -0.73V  to  changes  In  the  hydrazonlum  Ion 
concentration.  The  polarograph  might  be  very  Insensitive  as  a result  of  a 
possible  malfunction  of  the  Instrument.  As  a second  possibility,  the 
Insensitivity  may  be  associated  with  the  use  of  hydrazine  as  the  solvent 
In  these  polarographlc  studies.  In  particular,  without  the  presence  of 
an  added  strong  electrolyte  In  these  experiments,  the  conductivity  of  the 
anhydrous  hydrazine  may  be  too  low  to  permit  an  Intense  polarographlc 
wave.  In  order  to  explore  these  possibilities,  the  polarography  of 
cadmium  ion  In  hydrazine  solution  containing’ an  added  strong  electrolyte 
was  studied  as  a suitable  reference  system,  and  subsequently  the 
polarography  of  hydrazonlum  salts  In  hydrazine  containing  an  added 
electrolyte  was  Investigated  and  compared  with  the  cadmium  polarographlc 
results. 
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The  polarographlc  reduction  of  cadmium  Ion  In  aqueous  media 
affords  a well-defined  two  electron  wave  that  Is  reversible.  The  cadmium 
Ion  (Cd++)  Is  known  from  Pleskov’s  studies®  to  be  stable  In  anhydrous 
hydrazine,  and  thus  this  Ion  would  be  expected  to  exhibit  a well-defined 
polarographlc  wave  In  hydrazine  that  might  be  reversible. 

^ -7 

Solutions  of  cadmium  chloride  CIO”0  to  10  M)  In  anhydrous  hydrazine 
containing  0.5M  potassium  chloride  were  found  to  exhibit  a single 
polarographlc  wave  at  -0.37V  which  Is  attributed  to  the  reduction  of 
Cd++  to  Cd°  at  the  dme.  A single-sweep  cyclic  vol tamnetry  scan  of  this 
wave  Indicates  that  It  is  an  essentially  reversible  wave.  The  measured 
peak  current  for  this  wave  was  found  to  vary  with  the  concentration  of 
Cd++  In  an  approximately  linear  manner  as  shown  In  Table  2.  The  wave  Is 
barely  detectable  for  a 10“7M  solution  of  cadmium  chloride  In  hydrazine; 
this  concentration  thus  appears  to  be  the  approximate  lower  limit  for 
detection  of  a wave  In  hydrazine  using  the  Instrumentation  specified 
earlier.  The  fact  that  an  electroactive  species  Is  detected  at  low  levels 
(.TO"5  to  10"7Ul)  In  hydrazine  In  this  experiment  rules  out  any  problem 
with  adequate  Instrument  sensitivity  In  the  above  study  or  any  peculiar 
problem  associated  with  the  use  of  hydrazine  as  the  solvent. 


Table  2 

VARIATION  OF  PEAK  CURRENT  (I  ) WITH 
CADMIUM  ION  CONCENTRATION  (C1)  IN 
ANHYDROUS  HYDRAZINE  CONTAINING  0.5M  KC1 . 


ca 

Ib 

P 

10"3 

1.95  x 101 

i 

o 

2.42 

o 

1 

cn 

2.5  x 10"1 

10“6 

3.0  x 10"2 

-7 

10 

6.0  x 10’3 

Units  are  Molar. 

b.  Measured  In  chart  divisions. 

The  use  of  a supporting  electrolyte  (0.5M  KC1]  In  anhydrous  hydrazine 
did  not  result  In  an  Increase  In  the  Intensity  of  the  wave  at  -0,73V 
observed  upon  the  addition  of  a hydrazonlum  salt  (N-H^’HCl,  etc.)  to 
hydrazine.  As  a typical  example,  the  addition  of  0,4mg  of  N-Hj'HCI  to 
1.0ml  of  anhydrous  hydrazine  containing  37mg  of  KC1  (0.5M)  afforded  a weak 


wave  at  -0.73V  that  was  barely  detectable.  The  further  addition  of  a 
total  of  2.2mg  of  N?Ha“HC1  resulted  in  only  a slight  increase  in  the 
height  of  this  wave“(i  = .4  chart  divisions  with  a sensitivity  setting 
of  .luA/division).  In^sharp  contrast,  the  addition  of  0.35mg  of 
cadmium  chloride  to  this  solution  afforded  an  intense  wave  at  -0.37V 
for  the  cadmium  ion  reduction  (I  = 31.8  divisions  with  a sensitivity 
setting  of  2uA/division).  Thesepvalues  represent  a ratio  of  9439  in 
the  relative  intensities  of  the  two  waves  per  unit  concentration  (ratio 
of  I/C  for  two  waves)  for  the  case  of  cadmium  ion  reduction  versus 
the  presumed  hydrazonium  ion  reduction. 

A similar  result  was  obtained  when  hydrazine  sulfate  was  added  to 
anhydrous  hydrazine  containing  0.5M  KCl.  Addition  of  4.5mg  of  hydrazine 
sulfate  to  this  solution  afforded  only  a very  low  intensity  wave  at 
-0.68V  (Ip  = 0.4  chart  divisions  with  a sensitivity  setting  of  O.lpA/ 
division).  In  contrast,  the  addition  of  0,25mg  of  cupric  chloride 
(which  is  reduced  immediately  to  Cu+  in  hydrazine)  to  the  solution 
afforded  an  intense  wave  at  -0.18V  for  reduction  of  Cu*  (Ip  = 27.8 
chart  divisions  with  a sensitivity  setting  of  lyA/di visions.  The  ratio 
of  the  relative  wave  intensity  per  unit  concentration  for  the  copper 
ion  reduction  versus  the  presumed  hydrazonium  ion  reduction  In  this 
case  is  12,940. 

The  ratio  of  the  relative  wave  intensity  per  unit  concentration 
of  the  cadmium  ion  reduction  or  cuprous  ion  reduction  versus  the 
presumed  hydrazonium  ion  reduction  may  differ  from  unity  as  a result 
of  these  ions  having  different  diffusion  coefficients  (see  the 
Randles-Sevcik  equation)  and  also  as  a result  of  the  possible  Irreversible 
nature  of  the  wave  for  the  reduction  of  the  hydrazonium  ion.  It  seems 
highly  unlikely  though  that  this  ratio  would  differ  from  unity  by  a 
factor  of  four  orders  of  maanitude.  To  state  this  in  somewhat  different 
terms,  if  the  hydrazonium  ion  were  responsible  for  the  wave  at  -0.73V, 
it  should  exhibit  a much  more  Intense  wave  by  several  orders  of  magnitude 
than  is  experimentally  observed.  These  results  thus  provide  strong 
evidence  that  the  wave  at  -0,73V  in  the  polarography  of  anhydrous 
hydrazine  is  not  due  to  the  reduction  of  the  hydrazonium  ion  as 
previously  post^ated^  and  that  this  ion  must  be  reduced  at  a potential 
more  negative  than  -IV  (since  no  other  wave  is  observed  in  the  potential 
range  of  0 to  -IV). 

Studies  were  next  conducted  to  determine  If  the  hydrazonium  Ion 
exhibits  an  observable  polarographic  wave  at  a potential  more  negative  than 
-IV.  The  initial  studies  did  not  include  examination  of  this  potential 
region  in  detail  due  to  the  difficulty  of  obtaining  polarograms  beyond 
-IV  in  anhydrous  hydrazine.  At  potentials  beyond  -IV  in  hydrazine,  there  Is 
a raoid  Increase  in  current  with  Increasing  negative  potential  which 
results  from  a broad  polarographic  peak  at  -1.9V  in  this  solvent.  In  order 
to  obtain  a suitable  polarogram  in  this  region,  it  is  necessary  to  lower  the  height 


of  the  mercury  column  of  the  droe  (a  6.5  Inch  mercury  column  was  used) 
and  to  scan  at  a faster  rate  due  to  the  short  lifetimes  of  the  mercury 
drops  at  these  negative  potentials. 

Addition  of  small  amounts  (0.1  -l.Omg)  of  hydrazine  hydrochloride 
or  hydrazine  sulfate  to  anhydrous  hydrazine  resulted  in  a much  greater 
current  at  potentials  beyond  -IV,  but  no  new  wave  was  apparent  when  the 
polarogram  was  obtained  In  the  normal  mode.  In  the  derivative  mode, 
however,  a shoulder  appeared  In  the  polarogram  at  -1.6V  upon  addition 
of  small  amounts  (0.1 -lmg)  of  these  hydrazonlum  salts.  This  shoulder 
was  absent  In  the  polarogram  of  anhydrous  hydrazine  containing  an 
equimolar  amount  of  potassium  chloride  as  the  electrolyte.  These  results 
provide  evidence  that  the  reduction  of  the  hydrazonlum  Ion  occurs  at  a 
more  negative  potential  than  previously  thought  at  approximately  -1.6V 
In  anhydrous  hydrazine. 

Further  evidence  to  support  this  viewpoint  is  provided  by  polarographi 
studies  of  hydrazonlum  salts  In  other  solvents.  Hydrazonlum  salts 
(NpH^-HCl , are  known7  to  dissociate  completely  In  water  to 

afford  an  equimolar  amount  of  hydrazonium  Ion  (^Hg  ).  If  the  hydrazonlum 
Ion  Is  reduced  at  a potential  that  is  electrochemicaliy  accessible  in  water 
a wave  due  to  this  species  should  thus  be  observed  upon  addition  of  a 
hydrazonium  salt  (such  as  NoH4*HC1)  to  aqueous  KC1.  The  addition  of 
0.4mg  of  hydrazine  sulfate  to  1M  aqueous  KC1  solution  resulted  in  the 
appearance  of  a new  wave  at  -1.82V  whose  Intensity  increases  approximately 
linearly  with  the  amount  of  NJVhLSO^  added.  A similar  wave  was  observed 
at  -1.73V  upon  the  addition  of  nydrazTne  hydrochloride  to  1M  aqueous  KC1 
solution.  The  small  difference  in  the  peak  potentials  of  the  above  waves 
appears  to  be  real  and  must  be  attributed  to  the  presence  of  two  different 
counterions  In  the  two  cases. 

The  polarography  of  hydrazine  hydrochloride  In  the  nonaqueous  solvent 
N,  N-dimethylformamide  (DMF)  was  examined.  Addition  of  0.5mg  of  hydrazine 
hydrochloride  to  a solution  of  DMF  containing  0.5M  tetra-n-butylamnonlum 
iodide  as  the  supporting  electrolyte  afforded  a wave  at  -T.90V,  which 
is  attributed  to  the  hydrazonium  Ion. 

£rom  the  above  results,  it  thus  appears  that  the  hydrazonium  Ion 
(N2H5  ) Is  reduced  electrochemicaliy  at  a potential  In  the  general  range  of 
-1.5  to  -1.9V  In  a variety  of  solvents. 
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CONCLUSIONS  AND  RECOMMENDATIONS 


All  of  the  above  experimental  results  taken  together  provide  strong 
support  for  the  conclusion  that  the  hydrazonium  Ion  (N2Hr+)  In  hydrazine 
is  reduced  electrochemically  at  a potential  of  approximately  -1.6V, 
which  Is  at  a potential  that  is  much  more  negative  than  previously 
thought  for  this  reduction.  It  Is  not  yet  clear  whan  specle(s)  In 
solutions  of  hydrazonium  salts  In  anhydrous  hydrazine  (of  the  purity 
used  in  this  study)  Is  responsible  for  the  low  Intensity  polarographlc 
wave  at  -0.73V,  The  results  of  this  study,  however,  are  not  consistent 
with  the  hydrazonium  Ion  as  being  the  species  which  affords  this  wave 
In  these  hydrazine  solutions. 

In  view  of  the  above  finding  that  the  hydrazonium  ion  exhibits  a 
polarographic  wave  at  -1.6V  (rather  than  at  -0.73V),  It  Is  apparent 
that  the  use  of  normal  single-sweep  polarography  for  directly 
determining  the  level  of  this  ion  In  hydrazine  Is  not  feasible.  Because 
the  wave  for  the  reduction  of  the  hydrazonium  Ion  Is  superimposed  upon 
a large  background  wave  in  this  potential  region  (resulting  from 
decomposition  of  the  hydrazine  solvent  and/or  Impurities  In  the  solvent), 
this  wave  for  the  hydrazonium  Ion  reduction  Is  not  well-defined.  It 
consequently  does  not  appear  feasible  to  measure  peak  currents  for  this 
wave  accurately  enough  even  using  the  derivative  mode.  Since  the 
measurement  of  peak  currents  (either  explicitly  or  1mpl1citly)ls  required 
in  the  use  of  polarography  for  analytical  determinations,  It  consequently 
does  not  appear  feasible  to  use  normal  single-sweep  polarography  for 
the  determination  of  the  hydrazonium  Ion  concentration  in  hydrazine. 

The  use  of  differential  single-sweep  polarography,  however,  might 
provide  a means  for  overcoming  the  above  problem.  In  this  variation  of 
the  basic  single-sweep  polarographic  method,  a plot  of  the  difference 
in  current  versus  potential  for  a test  solution  and  a reference  solution 
(usually  of  known  concentration)  is  obtained.  If  the  background  current 
in  the  potential  region  around  -1.6V  is  similar  for  a range  of  concentrations 
of  hydrazonium  Ion  in  hydrazine,  then  the  difference  polarogram  recorded 
using  this  technique  should  provide  a direct  measure  of  the  difference 
in  hydrazonium  ion  concentrations  between  the  test  and  reference  solutions. 


In  this  case,  differential  single-sweep  polarography  should  be  feasible 
us  a method  for  directly  determining  the  level  of  hydrazonium  ion  In 
hydrazine.  Further  research  to  explore  the  feasibility  of  using 


differential  single-sweep  polarography  to  analyze  for  the  hydrazonium 
Ion  In  hydrazine  Is  suggested. 
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ABSTRACT  | 

Most  modern  aircraft  flight  simulators  attempt  to  provide  the  student  t 

pilot  with  both  visual  and  motion  cues.  Until  recently,  the  visual  cueing 
was  provided  via  the  aircraft  instruments  exclusively.  Recent  technological  ■ 

advances  have  permitted  cue  rich  extra  cockpit  visual  scenes  to  be  incor-  t 

porated  into  the  simulation,  thus  adding  a new  dimension  to  aircraft  simulators. 

Motion  cueing  has  historically  been  provided  by  moving  the  platform  on  I 

which  the  simulator  rests,  /'dvanccments  in  aircraft  simulator  technology  have 
permitted  the  development  of  sophisticated  six  degree  of  freedom  motion  plat-  ■ 

forms.  The  not  insignificant  cost  of  these  motion  platforms  has  been  justified  * 

primarily  on  virtually  unanimous  pilot  opinion  that  motion  cues  are  extremely 

important  and  the  belief  that  increased  simulatory  fidelity  will  result  in  I 

\ 

increased  training  effectiveness. 

Recent  evidence  has  sugyusted,  however,  that  this  may  not  necessarily  * 

be  true.  This  evidence  would  suggest  that  simulator  platform  motion  cueing  § 

r l 

does  not  result  in  increased  pilot  skills  that  transfer  to  the  aircraft.  It 

has  been  hypothesized  that'  this  new  result  may  be  attributed  to  the  redundancy  | 

of  the  motion  and  visual  cues. 

The  objectives  of  the  research  program  developed  in  this  report  are  to  * 

specifically  investigate  the  interaction  between  the  visual  field  of  view  and  I 

platform  motion  in  the  Advanced  Simulator  for  Undergraduate  Pilot  Training 
(ASUPT)  using  undergraduate  student  pilots  performing  selected  contact  and  { 

instrument  maneuvers. 
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Introduction 


There  are  currently  two  cardinal  Issues  in  flying  training  involving  the 
configuration  of  flight  simulators  and  their  resulting  training  effectiveness. 

The  first  Involves  the  degree  to  which  simulator  platform  motion  affects  pilot 
skill  acquisition  In  the  simulator  and  Its  transfer  to  the  aircraft.  The 
dominant  question  is  the  extent  to  which  simulator  platform  motion  is  needed 
to  achieve  effective  training.  A second,  concomitant  question  Involves  the 
degree  to  which  complex  visual  displays  such  as  computer  generated  imagery 
(CGI)  benefits  training  in  the  simulator  and  the  minimum  requirements  for  such 
devices  to  be  effective. 

These  two  questions  cannot  be  answered  independently.  Since  the  acceleration 
cues  provided  by  the  simulator  motion  platform  are  essentially  redundant  to  the 
cues  displayed  by  the  visual  system,  it  may  be  reasonably  argued  that  the  motion 
cues  are  entirely  superfluous  and  unnecessary  when  an  adequate  visual  system  is 
provided. 

However,  the  converse  might  also  be  argued.  In  order  to  avoid  sensory 
conflicts  and  the  possible  resulting  pilot  disorientation,  it  may  be  hypothesized 
that  motion  cueing  is  more  important  when  complex  visual  displays  are  provided. 
Thus,  the  nature  of  the  motion  system  visual  system  Interaction  is  of  some  Im- 
portance. 


Simulator  Platform  Motion 

A key  Issue  in  the  configuration  of  flying  training  simulators  Is  the 
degree  to  which  platform  motion  affects  skill  acquisition  and  transfer.  The 
dominant  question  Is  essentially  the  extent  of  platform  motion  needed  to  achieve 
the  simulator  fidelity  needed  in  order  to  achieve  effective  training. 
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There  are  essentially  four  possible  alternatives.  First,  platform  motion 
may  have  a significant  positive  effect  on  flying  skill  acquisition  and  transfer. 
In  this  case  the  not  insignificant  additional  cost  of  providing  platform  motion 
would  be  justified  by  the  benefit  derived  by  the  resulting  reduced  simulator/ 
flying  time  needed  to  achieve  and/or  maintain  task  proficiency.  The  possibility 
that  platform  motion  cues  positively  contribute  to  skill  acquisition,  but  not 
sufficiently  to  justify  the  additional  cost  involved  constitute  a second  alter- 
native. 

Alternately,  platform  motion  may  affbct  neither  skill  acquisition  or 
transfer,  In  which  case  it  certainly  could  not  be  economically  justified.  Addi- 
tonally,  It  can  be  argued  that  platform  motion  may  lead  to  either  slower  skill 
acquisition  or  negative  transfer  or  both,  particularly  with  novice  pilots  and 
a rich  visual  display.  During  initial  skill  acquisition  novice  pilots  are  pro- 
vided a multiplexity  of  highly  redundant  cues,  particularly  from  the  visual 
environment.  Part  of  the  initial  training  Involves  the  trainee  separating  the 
redundant  from  the  relevant  cues.  Since  the  motion  cues  are  essentially  redun- 
dant to  cues  obtained  from  the  visual  scene,  for  most  maneuvers,  they  may  confuse 
the  novice  pilot  more  than  assist  him.  In  addition,  the  motion  cues  are  essen- 
tially a result  of  the  pilot's  control  manipulation,  thus  they  only  serve  as 
feedback  confirming  the  control  movements  and  do  not  provide  additional  useful 
information  regarding  the  attitude  or  position  of  the  aircraft. 

Questions  of  skill  transfer  arise  because  of  the  possible  lack  of  fidelity 
between  the  motion  cues  experienced  in  the  simulator  and  those  in  the  aircraft. 
Because  the  simulator  must  be  physically  supported,  it  cannot  perfectly  duplicate 
the  motion  cues  present  in  the  aircraft.  Instead,  a motion  drive  philosophy 
must  be  developed’which  attempts  to  produce  the  essential  motion  cues  while 
introducing  a minimum  of  distortion. 
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Unfortunately,  the  distortion  inherent  in  any  drive  philosophy  may  in- 
advertantly provide  the  pilot  with  cues  that  will  not  be  present  in  the  air- 
craft. If  the  student  pilot  learns  to  utilize  these  cues  to  enhance  his  perfor- 
mance in  the  simulator,  then  either  little  or  possibly  negative  transfer  may 
result. 

The  role  of  the  vestibular  senses  In  manual  control  tasks  has  not  been 
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fully  explored.  Sheridan  and  Ferrell  (1974)  suggest  that  the  absence  of  motion 
cues  In  both  aircraft  and  automobile  simulators  leads  to  underdampening  as  mani- 
fest by  the  estimates  of  the  operator  transfer  function. 

The  effects  of  roll  motion  cues,  both  alone  and  In  conjunction  with  visual 
cues  has  been  extensively  investigated  by  Shirley  and  Young  (1968).  They  found 
that  the  roll  motion  cues  allowed  the  operator  to  increase  their  phase  lead  at 
frequencies  of  about  3 roll/sec  and  thus  allow  an  increase  in  the  gain  for  the 
same  phase  margin.  This  as  expected,  resulted  in  a concomitant  reduction  in 
tracking  error.  Cyrus  (1976)  has  observed  that  the  motion  In  the  Advanced  Simu- 
lator for  Undergraduate  Pilot  Training  (ASUPT)  is  concentrated  below  about  2 
roll /sec,  thus,  roll  motion  cueing  would  not  be  expected  to  contribute  to  opera- 
tor performance. 

A number  of  studies  have  been  directed  toward  assessing  the  effects  of 
simulator  platform  motion.  These  studies,  including  Besco  (1961),  Buckout,  et 
al,  (1963)  and  Ruocco  (1965)  have  generally  shown  simulator  motion  to  be  bene- 
ficial to  pilot  performance.  However,  these  studies  did  not  measure  the  transfer 
of  training  to  the  aircraft,  but  rather  relied  upon  criteria  rides  in  the  simu- 
lator as  performance  measures. 

Demaree,  et  al,  (1964)  have  observed  that  motion  fidelity  may  be  significantly 
reduced  without  any  appreciable  decrement  in  performance.  This  Is  consistent 
with  Huddleston  (1966)  suggestion  that  motion  may  only  e necessary  for  the 
maneuvers  with  significant  G-forces. 
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An  interesting  investigation  of  the  effects  of  platform  motion  on  a 
simulated  landing  task  was  reported  by  Bray  (1973).  He  systematically  reduced 
the  responsiveness  of  a single  degree  of  freedom  of  motion  (vertical)  platform 
and  failed  to  find  any  significant  decrement  in  performance,  as  measured  by 
the  vertical  velocity  at  touchdown.  However,  when  the  dynamics  of  the  aircraft 
being  simulated  were  changed,  such  that  it  was  only  marginally  stable,  reduction 
in  platform  dynamics  resulted  in  a significant  reduction  in  pilot  performance. 
Bray's  results  would  tend  to  support  the  hypothesis  of  an  interaction  between 
simulator  characteristics  and  the  aircraft  being  simulated.  Unfortunately,  It 
is  not  clear  whether  this  interaction  is  only  valid  for  marginally  stable  air- 
craft. 

Although  the  previous  work  tends  to  support  the  hypothesis  that  simulator 
motion  facilitates  pilot  performance,  a more  recent  study  would  suggest  the 
converse.  Grunzke,  et  al,  (1976)  found  that  experienced  pilots  performance  in 
ASUPT  systematically  deteriorated  as  the  number  of  degrees  of  freedom  of  platform 
motion  Increased  from  zero  through  three  to  six.  This  result  would  suggest, 

r‘ 

for  at  least  this  case,  t'iat  platform  motion  inhibits  pilot  performance. 

Unfortunately  none  of  the  studies  cited  above  measured  training  transfer 
to  the  aircraft.  The  first  study  of  the  effects  of  platform  motion  on  training 
transfer  was  conducted  by  Koonce  (1974).  Koonce  investigated  the  effects  of 
refresher  instrument  training  in  a Singer-Link  GAT-2  on  subsequent  pilot  perfor- 
mance. In  this  experiment  Koonce  compared  two  types  of  platform  motion,  sustained 
and  washout,  with  a no  motion  control.  He  found  that  both  of  the  motion  groups 
performed  better  in  the  simulator  than  did  the  no  motion  group.  Moreover,  all 
three  groups  appeared  to  show  significant  and  approximately  equal  improvement 
from  the  first  to  .the  second  trial  in  the  simulator.  Surprisingly  though,  on 
the  third  day,  when  performance  in  the  aircraft  was  measured,  the  no  motion  group 
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performed  better  than  either  of  the  motion  groups.  Although  this  difference 
was  not  statistically  significant,  the  motion-aircraft  simulator  interaction 
was.  This  would  strongly  suggest  the  effects  of  simulator  platform  motion 
observed  in  the  simulator  either  did  not  transfer  to  the  aircraft  or  perhaps 
transferred  negatively. 

Koonce's  results  obviously  and  Immediately  reinduced  all  previous  studies 
supporting  simulator  platform  motion  suspect  since  they  did  not  measure  transfer. 

It  also  raised  the  question  as  to  how  platform  motion  was  aiding  performance 
in  the  simulator. 

Jacobs  and  Roscoe  (1975)  suggested  that  perhaps  platform  motion  might  be 
simply  acting  as  an  alerting  rather  than  a directing  cue.  They  performed  a 
study  to  examine  this  hypothesis  as  well  as  confirm  Koonce's  results. 

Tour  groups  were  used  in  Jacobs  and  Roscoe's  study,  one  trained  solely 
in  the  aircraft,  one  in  a simulator  with  no  motion,  one  in  the  simulator  with 
normal  wash-out  motion  and  a fourth  with  randomly  reversed  wash-out  motion. 

The  results  of  the  transfer  studies  indicated  the  normal  wash-out  motion  was 
superior  to  the  no  motion  cues,  but  the  difference  was  not  statistically  signi- 
ficant. 

All  of  the  transfer  groups  performed  better  than  the  aircraft  trained  group 
In  the  aircraft.  Although  the  wash-out  motion  group  exhibited  better  transfer, 
the  difference  appeared  to  be  neither  statistically  nor  practically  significant. 

The  fact  that  the  random  motion  group  failed  to  perform  as  well  as  the  wash-out 
motion  group  in  the  simulator  would  suggest  that  the  accurate  motion  cues  were 
providing  directional  as  well  as  alerting  information. 

Visual  Systems 

Perhaps  because  the  visual  sense  modality  is  more  complex  than  the  vestibular/ 
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kinesthetic  system,  the  ,uastioris  involving  visual  displays  tend  to  be  more 
complic:"  ' ‘tan  those  regarding  motion  cueing.  The  utility  of  extra  cockpit 
visual  systems  was  first  demonstrated  by  Flexman,  et  al , (1950).  Since  then, 
several  studies,  including  Creelman  (1955)  and  Payne,  et  al,  (1954)  have  con- 
firmed their  worth  in  flying  training. 

The  research  questions  involved  in  flight  simulation  can  be  divided  into 
two  broad  categories,  those  involving  the  field  of  view  and  those  involving  the 
scene  content.  The  scene  content  may  be  further  broken  down  into  questions  re- 
garding the  utility  of  color  displays  and  resolution.  Chase  (1970,  1971),  display 
timing,  Barnes  (1970),  and  display  scaling  and  content.  The  former  of  the  latter 
two  questions  involve  the  degree  to  which  special  relationships  must  be  preserved 
in  the  visual  display. 

Perhaps  the  most  complex  area  of  concern  in  visual  displays  is  the  charac- 
teristics of  the  display  content.  The  multiplexity  of  questions  involving  the 
content  may  be  broken  down  along  several  different  lines  involving  the  type  of 
inage  generating  system,  CGI  or  model  board,  or  point  light  source,  and  the  amount 
of  detail,  such  as' building  that  need  to  be  displayed. 

The  limits  of  the  field  of  view  needed  to  effectively  maneuver  the  aircraft 
were  explored  as  early  as  1951  by  Roscoe  (1951).  He  showed  that  pilots  could 
safely  land  aircraft  with  visual  fields  as  small  as  +10°  horizontally  and  verti- 
cally. However,  later  work,  particularly  Reeder  and  Kolnick  (1969)  and  Armstrong 
(1970)  have  concluded  the  field  of  view  may  be  reduced’  to  +25°  horizontally  without 
adverse  effects.  Moran  (1971)  has  argued  that  the  extra  cockpit  visual  field  may 
be  severaly  limited  and  satisfactory  performance  still  achieved  If  the  pilot 
is  familiar  with  the  area. 

The  field  of  view,  and  its  limits,  obviously  interact  with  both  the  maneuver 
to  be  flown  and  the  experience  level  of  the  pilot.  For  example,  Grunzke,  et  al. 


(1976)  have  shown  experienced  pilots  can  perform  normal  overhead  landings  with 


a limited  (IFS)  field  of  view,  however,  there  was  an  accompanying  degradation 


in  performance.  However,  it  does  not  appear  novice  pilots  could  be  successfully 


taught  this  maneuver  using  the  limited  field  of  view.  Similarly,  it  does  not 


appear  possible  to  perform  certain  aerobatic  maneuvers  with  this  field  of  view. 


Visual-Motion  System  Interaction 


The  interaction  between  the  simulators  visual  and  motion  system  is  parti- 


cularly interesting  because  of  the  redundant  nature  of  the  cues  provided  by 


each.  Due  to  this  redundancy,  it  may  be  hypothesized  that  motion  cues  when 


provided  In  conjunction  with  a rich  visual  environment,  do  not  enhance  training 


effectiveness. 


In  spite  of  its  potential  significance,  most  of  the  research  specifically 


addressed  toward  this  possible  interaction  between  simulators  visual  and  motion 


systems  has  been  directed  toward  problems  of  pilot  disorientation  and  simulator 


motion  sickness  induced  by  conflicting  vestibular  and  visual  cues. 


An  exception  to  this  is  an  investigation  of  operator  tracking  behavior  reported 


by  Fleshman  and  Rich  (1963).  They  found  that  visual  cues  initially  dominate 


kinesthetic  feedback,  but  that  the  Importance  of  the  latter  Increases  as  the 


operators  become  more  experienced.  This  would  agree  with  both  FI  exman  (1966) 


and  Briggs  and  Wiener's  (1959)  conjecture  that  the  values  of  motion  Increases 


with  increasing  pilot  experience.  However,  the  conjectures  of  Flexman  and 


Briggs  and  Wiener  were  intended  for  only  instrument  flight  simulators. 


Mucklor,  et  al , (1959)  has  suggested  motion  cues,  when  used  in  conjunction 


with  contact  cues,  are  more  important  during  the  initial  stages  of  training.  In 


a recent  study  Grunzke,  et  al,  (1976)  found  only  limited  Interaction  between  the 


simulator  platform  motion  system  and  the  range  of  the  field  of  view.  Experienced 


pilots  were  utilized  in  this  study.  This  result  might  be  interpreted  as  supporting 
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Muckler's  position.  Thus,  if  a platform  motion  visual  system  interaction  does 
exist,  i will  probably  be  most  pronounced  for  novice  pilots. 

Objective 

One  plausible  explanation  for  the  divergence  In  the  results  noted  above 
is  that  simulator  platform  motion  only  affects  pilot  skill  acquisition  positively 
in  the  absence  of  sophisticated  extra  cockpit  visual  systems.  Since  Grunzke, 
et  al,  (1976)  were  the  only  researchers  which  utilized  a visual  system,  this 
would  explain  why  they  found  negative  effects  due  to  simulator  platform  motion 
while  previous  researchers  indicated  motion  enhanced  pilot  performance.  More- 
over, since  Grunzke's,  et  al,  (1976)  did  not  find  a significant  Interaction  using 
experienced  pilots.  It  appears  reasonable  to  expect  that  if  such  an  interaction 
exists.  It  will  be  most  pronounced  for  novice  pilots. 

Therefore,  the  objective  of  this  research  is  to  examine  the  nature  of  the 
interaction  between  the  simulator  platform  motion  and  the  pilots  field  of  view 
on  pilot  skill  acquisition  and  transfer.  Since  the  maneuver  performed  may  in- 
fluence the  effectiveness  of  platform  motion  as  well  as  the  visual  field,  the 
research  will  involve  selected  undergraduate  pilot  training  (UPT),  and  contact 
and  instrument  flying  maneuvers.  The  maneuvers  will  be  selected  based  upon  their 
potential  Interaction  with  either  the  motion  or  visual  system. 

Restated,  the  objective  of  the  research  is  to  examine  the  effects  of  simu- 
lator platform  motion  on  skill  acquisition  and.  transfer  for  selected  UPT  maneuvers 
both  with  a field  and  reduced  field  of  view. 

A concomitant  object  is  the  investigation  of  the  effects  of  reduced  field 
of  view  on  training  selected  UPT  maneuvers.  The  research  will  be  conducted  using 
the  Advanced  Simulator  for  Undergraduate  Pilot  Training  (ASUPT),  therefore,  the 
simulator  platform  motion  factor  will  contrast  ASUPT's  full  6°  of  platform  motion 
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with  no  nla+form  motion.  Likewise,  ASUPT's  full  field  of  view  will  be  con- 
trasted with  a reduced  field  of  view. 

Since  the  Air  Force  is  presently  In  the  process  of  acquiring  new  Instrument 
Flight  Simulators  (IFS)  with  a limited  field  of  view,  the  dimensions  of  the  IFS 
field  of  view  will  be  used  for  the  experimental  field  of  view.  This  will  permit 
the  research  results  to  be  readily  generalized.  The  research  objectives  are 
summarized  in  Table  1 below. 

TABLE  1 

THE  TRANSFER  EFFECTIVENESS  OF  PLATFORM 
MOTION  AND  FIELD-OF-VIEW  IN 
TRAINING  SELECTED  UPT  MANEUVERS 
(VIS-MO) 

OBJECTIVES 

To  examine  the  effects  of  the  following  factors  on  undergraduate 

pilot  skill  acquisition  and  training  transfer  In  selected  UPT  maneuvers. 

o Simulator  Platform  Motion 

ASUPT's  Full  6°  of  Motion  vs.  No  Motion 

° Visual  Field-of-View 

ASUPT's  Full  Field-of-View  vs.  Restricted  Field-of-View 
(Simulated  IFS) 

o The  Interaction  of  the  Field-of-View  with  Platform  Motion. 
Approach,  General 

The  research  paradigm  involves  two  phases,  the  first  concentrating  on  basic 
contact  flying  with  the  second  emphasizing  Instrument  flying  skills.  Each  phase 
is  sub-divided  into  two  activities,  the  first  Involving  ASUPT  training  and  the 
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second  the  measurement  of  training  transfer  to  the  aircraft.  This  research 
approach  is  outlined  in  Figure  1. 


FIGURE  1 

EXPERIMENTAL  APPROACH 


Phase  1, 

Activity  1 

T 

! 


Phase  1, 
Activity  2 


Phase  2, 
Activity  1 


Phase  2, 
Activity  2 
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The  research  will  use  only  undergraduate  pilots  as  subjects.  The  simu- 
lator platform  motion  factor  will  be  included  at  two  levels,  no  platform 
motion  factor  will  be  Included  at  two  levels,  no  platform  motion  and  the  full 
six-degree  of  freedom  platform  motion  as  defined  by  the  ASUPT  system.  The 
visual  field  of  view  will  also  be  inc!uded  at  two  levels,  the  full  ASUPT 
field,  and  a restricted  field,  limited  to  about  48°  horizontally  and  36°  verti- 
cally. The  restricted  field  of  view  is  designed  to  simulate  the  IFS  field  of 
view,  but  will  utilize  computer  generated  images  Instead  of  a terrain  model 
board. 

The  two  independent  factors  will  be  crossed  in  the  first  phase  of  the 
research  to  create  a two-squared  design  as  Illustrated  In  Figure  la.  Additionally, 
subjects  will  be  counterbalanced  with  HRL/FT-DOR  IPs  by  assigning  subjects  to 
IPs  in  accordance  with  the  latin  square  illustrated  in  Figure  lb.  Thus,  Instruc- 
tor, as  well  as  phase-activity  effects  may  be  estimated  and  removed. 

FIGURE  la 
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MOTION 

None 


S1  S9 

S2  S10 

sr  s 

S S 

5 13 

6 14 

S S 

S ' S 

3 11 

4 12 

S7  S15 

S8  S16 

Full 

Limited 

Field-of-Vlew 


33-13 


amat a 


FIGURE  lb 


INSTRUCTOR  PILOT 


ACTIVITY 


STATISTICAL  DESIGN 
PHASE  I 


Since  Phase  II  involves  training  Ground  Controlled  Approaches  (GCAs), 
only  the  IFS  limited  field-of-view  will  be  utilized.  However,  the  student 
pilots  Phase  I training  treatment  condition  will  be  treated  as  an  additional 
factor.  Half  the  subjects  from  each  Phase  I group  will  receive  the  no-motion 
treatment  and  the  remaining  half,  the  motion  treatment  in  Phase  II,  thus  subjects 
will  be  assigned  to  motion  treatment  levels  as  illustrated  in  Figure  2a. 


PLATFORM  MOTION 


Figure  2a 


instructor  pilot 
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Subie'-ts  will  also  be  assigned  to  IPs  in  accordance  with  Figure  2b, 
completing  the  contour  balancing  began  in  Phase  I. 

Performance  in  both  phases  will  be  measured  by  both  instructor  evaluation 
and  the  ASUPT  automated  performance  measurement  system.  Transfer  training  will 
be  measured  by  instructor  pilot  evaluations  during  a data  ride  which  will 
immediately  follow  ASUPT  training  in  both  phases. 

Approach,  Specific 

Subject  Selection:  Sixteen  (16)  subjects  will  be  selected  from  the  82d 
Flying  Training  Wing  Class  of  77-07.  No  foreign  students  or  students  with 
over  50  hours  of  flying  time  will  be  used.  The  students  will  be  scheduled  such 
that  Stage  I ASUPT  training  will  be  completed  just  prior  to  the  T-37  Syllabus 
Unit  B1701.  In  Phase  II,  ASUPT  training  will  be  scheduled  to  immediately  pre- 
ceed  T-37  Syllabus  Unit  12101. 

Performance  Measurement 

Two  sets  of  performance  measurements  will  be  utilized  during  ASUPT  training. 
Both  ASUPT  automated  performance  measurements  and  instructor  pilot  ratings  will 
be  recorded  each  time  the  students  first  attempts  a maneuver.  The  IP  ratings 
will  be  based  upon  the  subjective  twelve-point  scale. 

Terminal  performance  measurements  will  be  made  for  each  maneuver  during 
the  fourth  ASUPT  sortie  In  Phase  I.  This  measurement  will  occur  just  prior  to 
the  Phase  I data  ride.  The  specific  maneuvers  to  be  practiced  are  outlined  below. 

Transfer  measurements  will  be  based  on  HRL/FT  and  DOR  pilot  ratings  on  the 
expanded  12-point  scale.  Data  will  be  recorded  for  each  of  the  maneuvers  prac- 
ticed. 
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Experimental  Factors 

As  ntoed  above,  two  factors  will  be  manipulated  as  part  of  the  research 
paradigm.  Two  levels  of  simulator  platform  motion  will  be  used.  These  are 
the  full  6 of  freedom  platform  moti  n and  no  platform  motion.  Similarly,  the 
two  levels  of  the  visual  field  to  be  used  are  the  full  ASUPT  field  and  a reduced 
field  simulating  the  Instrument  Flight  Simulator  (IFS)  field  of  view.  The 
simulated  IFS  field  of  view  will  be  created  by  masking  out  most  of  the  ASUPT 
field.  Computer  generated  images  will  be  to  generate  the  Images  as  opposed  to 
the  terrain  model  used  in  the  IFS. 

Phase  I Procedure 

Each  subject  will  receive  four  0.8  hour  training  sessions  in  ASUPT  during 
this  phase.  These  sessions  which  will  be  referred  to  as  syllabus  units  B1504A 
through  B1507A  respectively  will  be  completed  just  prior  to  ATC  syllabus 
P-V4A  syllabus  unit  B2101.  The  collection  of  the  first  three  sessions  will 
coninence  with  performance  measurement  data  for  all  maneuvers  previously  prac- 
ticed on  that  day.  The  remainder  of  each  of  these  sessions  will  be  used  to 
allow  the  subjects  time  to  practice.  The  subjects  will  practice  each  maneuver 
a fixed  number  of  times  during  each  session.  The  number  of  trials  for  each 
session  ar.d  maneuver  is  given  in  Table  III. 

The  four  ASUPT  sessions  will  commence  with  practice  and  terminate  with 
performance  measurement  trials  on  all  maneuvers  practiced. 

Every  effort  will  be  made,  during  ASUPT  training,  to  conceal  the  nature 
of  the  study  from  the  subjects.  No  mention  of  the  independent  factors,  field 
of  view  and  platform  motion  will  be  made.  Both  ASUPT  cockpits  will  be  utilized 
during  Phase  I of  ASUPT  training.  However,  only  Cockpit  B will  be  used  for  the 
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limited  field  of  view  subjects,  with  cockpit  A being  used  exclusively  for  the 
full  field  of  view  subjects.  This  restriction  is  necessary  to  avoid  having 
two  full  field  of  view  subjects  scheduled  simultaneously.  This  would  exceed 
ASUPT' s capability  in  terms  of  scene  content. 

Additionally,  the  cockpit  A/cockpit  B schedules  will  be  arranged  such 
that  performance  measurement  is  not  required  In  both  cockpits  simultaneously. 

The  content  of  the  four  phase  I sessions  are  as  outlined  In  Table  III. 

TABLE  III 

PHASE  I - ASUPT  SESSION  CONTENT 
ASUPT  SESSIONS 


Steep  Turns  (60°) 

Slow  Flight  

Take-off 


Steep  Turns  (60°) 

Slow  Flight  

Take-off  

Straight-in 
Landing 


Steep  Turns  (60°) 

Slow  Flight 

Take-off 

Straight-In 
Landing 

Overhead  Pattern 


Steep  Turns_ 
Slow  Flight 


Take-off 


Straight-in  Landings_ 
Overhead  Pattern 


Prior  to  going  to  the  training  transfer  activity,  the  subjects  will  be 
requested  not  to  discuss  their  ASUPT  training  with  their  Instructor  Pilot  (IP), 
Thus,  the  IP's  rarting  student  performance  should  be  naive  as  to  the  treatment 


33-17 


each  subject  received  In  ASUPT.  The  data  ride  will  be  performed  according  to 
the  attached  scenario.  This  data  ride  will  be  substantiated  for  syllabus 
unit  B2101.  HRL/FT  and  DOR  IP's  will  act  as  instructor  pilots  on  this  flight 
and  will  rate  each  maneuver  on  a 12-point  scale  on  a special  data  form  provided. 
Phase  II  Procedures 

Only  the  IFS  field  of  view  will  be  used  during  the  second  phase cf  the  re- 
search. Half  of  the  subjects  from  each  Phase  I group  will  receive  a no  plat- 
form motion  treatment  with  the  remaining  half  receiving  the  motion  treatment 
during  Phase  I.  In  the  analysis,  the  subject's  treatment  during  Phase  I will 
be  treated  as  a factor,  the  resulting  experimental  design  is  shown  in  Figure  . 

Each  subject  will  receive  two  0.8  hr  training  sessions  in  ASUPT  in  Phase 
II.  In  this  phasem  the  subject  will  practice  general  controlled  approaches 
(GCAs)  exclusively.  The  first  GCA  for  the  first  training  session  and  the 
first  and  last  GCA  for  training  session  2 will  be  measured  trials.  Each  subject 
will  practice  exactly  ten  GCA's  during  each  session.  These  two  training  sessions 
will  be  designated  I1304A  and  I1305A  and  will  be  scheduled  to  just  preceed 
ATC  syllabus  P-V4A-A  unit  12101  which  will  serve  as  the  data  ride. 

Again,  scheduling  precautions  will  be  exercised  In  order  to  aovid  conflicts 
in  the  utilization  of  the  performance  measurement  system. 

ATC  syllabus  unit  12101  will  serve  to  measure  the  transfer  of  ASUPT  training 
HRL/FT  and  DOR  IP’s  will  fly  this  unit  and  rate  the  subjects  on  the  12-point 
scale  mentioned  above.  Again,  students  will  be  requested  not  to  discuss  the 
nature  of  their  ASUPT  training  with  the  IP,  thus  the  rating  IPs  should  have  no 
knowledge  of  what  treatment  each  subject  received. 


Schedule  os'  Activities 
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The  research  will  be  performed  In  accordance  with  the  schedule  shown 
below.  This  schedule  Is  contingent  upon  approval  of  the  Research  Agreement 
by  ATC  and  the  availability  of  subjects  from  Class  77-07. 


Planning 

16  Aug  - 13  Sept  1976 

Stage  I ASUPT  Training 

13-20  Sept  1976 

Stage  I Data  Ride 

20-27  Sept  1976 

Stage  1 Task  Freq  Data 
Collection 

20  Sept  - 11  Oct  1976 

Stage  II  ASUPT  Training 

8-15  Nov  1976 

Stage  II  Data  Ride 

15-22  Nov  1976 

Stage  II  Task  Freq  Data 
Collection 

15  Nov  - 3 Dec  1976 

Data  Analysis  & Report 
Preparation 

Completion  - 1 March  1977 
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